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Abstract 
Predatory mites are important components in biological control of arthropod pests in 
protected crops. The whitefly and thrips predator Amblyseius swirskii (Acari: 
Phytoseiidae) is an efficient biocontrol agent used widely for pest control in 
protected vegetable and ornamental crops. Amblyseius swirskii can be mass-reared on 
at least three species of astigmatid mites but little is known about their predator-prey 
interactions and population dynamics. These factitious prey allow for large-scale 
efficient rearing systems and novel crop inoculation methods. The use of breeding 
sachets offer a predatory mite delivery method with prolonged and sustained crop 
inoculation.  
This study endeavoured to assess the suitability of the factitious prey Suidasia 
medanensis (Acari: Suidasidae) for mass-rearing and field deployment of A. swirskii 
by studying the life table parameters of the predator on a diet of the said prey. The 
underlying predator-prey interactions were examined through a series of laboratory 
experiments focusing on the response of A. swirskii to prey density, preference of 
prey life stage, capture success ratio and the defence volatiles of adult S. medanensis 
against predators. Furthermore, in order to understand the behaviour and 
performance of a breeding sachet the internal population dynamics were studied in 
relation to release rates from the sachet. These studies were extended to examine the 
effect of different simulated crop conditions on predator release, focusing on 
temperature and relative humidity at constant and alternating controlled conditions. 
In addition to different crop conditions, A. swirskii may be exposed to various other 
crop protection products in the field as part of an IPM programme. The compatibility 
of A. swirskii with one such product, the fungal entomopathogen Beauveria bassiana 
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(Hypocreales: Clavicipitaceae), for concomitant use in the field was investigated 
through pathogenicity studies and sublethal effects under controlled conditions. 
Suidasia medanensis was found to be of good nutritional value to A. swirskii 
resulting in population growth rates similar to target pests, as reported in literature. 
Specific predator-prey interactions were identified, such as Type II functional 
response, preference to egg stages of the prey and the defence volatile of S. 
medanensis, the significance of which are discussed in depth within the thesis. 
Underlying dispersal strategies and the association between breeding sachet 
productivity and predator output was established. Furthermore, climatic conditions 
were found to have significant effects on sachet performance with clear indications 
of what constitutes favourable and unfavourable conditions. 
Amblyseius swirskii was found to be a physiological host to B. bassiana. Due to low-
to-moderate mortality rates under ideal laboratory conditions, little effect on juvenile 
mites and no effect on offspring of treated mites these two biocontrol agents were 
concluded to have good potential for concomitant use, but with further trials 
required. 
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Chapter 1 Introduction 1 
1.1 Crop protection 2 
Agricultural and horticultural crops cultivated for human consumption or of 3 
otherwise economic importance encounter a wide array of plant diseases and pests, 4 
which can negatively affect yield and economic output. Crop protection encompasses 5 
the management of plant pathogens, vertebrate and invertebrate pests and weeds in 6 
protected and field grown crops. Conventional crop protection, particularly in field 7 
crops, has largely been focused on chemical pesticide application, often prophylactic 8 
or calendar applications of broad-spectrum fungicides, insecticides, acaricides, 9 
nematicides, molluscicides and herbicides (Horne & Page 2008) with large scale 10 
pesticide application starting in the 1950s (Malais & Ravensberg 2003; van Lenteren 11 
2012). Crop protection includes a number of other management strategies such as 12 
breeding crop varieties resistant to pests and pathogens, physical and cultural control 13 
and, biological control of pests and diseases (Helyer et al. 2014).  14 
Crop protection is a dynamic concept and with increased movement of people and 15 
commodities invasive pests and diseases are inadvertently introduced to new areas 16 
and new crops (Bacon et al. 2012) requiring new crop protection solutions. 17 
Furthermore, overuse of pesticides can result in pests and pathogens building up 18 
resistance to the active ingredient (a.i.) (Whalon et al. 2008; Brent 2012) resulting in 19 
a resurgence of pests, particularly if natural enemies are disrupted by the treatments, 20 
therefore the search for new a.i.s or alternative strategies are required. In addition to 21 
pesticide resistance, growing public awareness about pesticide residues on food in 22 
combination with Regulation 1107/2009 (continuation of 91/414) by the European 23 
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Union (EU), limiting chemical products available for pest and disease control (EU 1 
2009a), the focus is shifting from broad-spectrum chemicals to products which are 2 
more targeted to the pest species and with low persistence, often known as selective 3 
or ‘biorational’ pesticides. Consequently, biological control agents (BCAs), also 4 
known as beneficial organisms, are of increasing importance. Biocontrol agents are 5 
particularly useful in the favourable conditions of protected crops where BCAs are 6 
economically competitive to pesticides in high value vegetable and ornamental crops 7 
(Cock et al. 2009; van Lenteren 2012). 8 
1.2 Biological control 9 
Biological control (biocontrol) is defined as the reduction in population density of 10 
one organism caused by the activities of another organism (van Lenteren 2012). 11 
These activities are primarily predation, parasitism and pathogenesis but may in 12 
some instances include exclusion by competition or deterrence. There are four types 13 
of biocontrol as summarised by Eilenberg et al. (2001):  14 
1) Classical biocontrol – the introduction of an exotic organism for 15 
permanent control of a pest, usually an invasive organism; 16 
2) Inoculation biocontrol – the release of an organism where successful 17 
control of the target pest organism is dependent on the successive 18 
generations of the BCA for prolonged, but not permanent, control;  19 
3) Inundation biocontrol – mass release of an organism for immediate 20 
control, not dependent on successive generations of the BCA; 21 
4) Conservation biocontrol – modification of the environment to enhance 22 
naturally occurring BCAs. 23 
21 
 
Commercial biocontrol using arthropod BCAs is primarily inoculative in protected 1 
crops (Eilenberg et al. 2001), where preventative releases of beneficial insects and 2 
mites allow early establishment and population increase of the BCAs for successful 3 
pest control (Ramakers 1990; Janssen & Sabelis 1992; Jacobson et al. 2001b; 4 
Nomikou et al. 2002). Predator presence on arrival of the pest is advantageous as it 5 
provides a high initial predator-prey ratio which may be essential to achieve pest 6 
suppression (Jacobson et al. 2001b; Kutuk & Yigit 2011; Kumar et al. 2015). Failure 7 
to achieve this will quickly result in very high pest pressure as the pest population 8 
increases uncontrollably in the monocrop environment and pest control using 9 
predators may be compromised (Medd & GreatRex 2014). Inundative releases of 10 
BCAs is a curative approach, mainly encompassing microbial pathogens, where 11 
successful control relies on direct contact of the inoculum with a large proportion of 12 
the pest population following an application (Eilenberg et al. 2001). In practice, in 13 
commercial biocontrol inoculation and inundation tend to intergrade and the term 14 
augmentation or augmentative biocontrol has been adopted to cover both types 15 
(Gerson et al. 2003) and will largely be used from here on. Conservation biocontrol 16 
is the main type of biocontrol used in open fields and includes hedgerows, beetle-17 
banks and flower margins providing alternative habitats for natural enemies along 18 
cultivated fields (Eilenberg et al. 2001; van Lenteren 2012).  19 
Biocontrol rarely achieves 100% control of the pests and diseases in a crop, however, 20 
the goal of biocontrol is to suppress and manage pest populations below the 21 
economic damage threshold of the crop rather than local eradication of the pest 22 
(Lazarovits et al. 2007). There is a wide range of BCAs commercially available for 23 
crop protection, most of which are considered compatible with one another, and are 24 
used in conjunction for the same or different pest problems. The categories of BCAs 25 
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used in crop protection include predatory insects and mites, parasitoid wasps and 1 
flies, entomopathogenic nematodes and, microbial pathogens of pests or diseases.  2 
The first BCAs to be used in augmentative biocontrol were Metaphycus lounsburyi 3 
(Howard) (Hymenoptera: Encyrtidae) and Chilocorus circumdatus Gyllenhal 4 
(Coleoptera: Coccinellidae), dating back to 1902 (van Lenteren 2012). The following 5 
century saw a large increase in new BCAs for augmentative biocontrol reaching a 6 
peak of 11 new species per year in the 1990s (van Lenteren 2012). One of the most 7 
efficient BCAs, the whitefly parasitoid Encarsia formosa Gahan (Hymenoptera: 8 
Aphelinidae), was first used in 1926 and is still one of the most commonly used 9 
BCAs in European protected crops (van Lenteren 2012). The spider mite predator 10 
Phytoseiulus persimilis Athias-Henriot (Acari: Phytoseiidae), another highly efficient 11 
and widely used BCA, was the first species to be sold commercially for 12 
augmentative biocontrol in 1968 (Malais & Ravensberg 2003). There are 230 species 13 
of BCAs commercially available worldwide (van Lenteren 2012), 170 of which are 14 
used in Europe (Cock et al. 2010). Only about 30 species, however, are responsible 15 
for 90% of the market value (Cock et al. 2009). 16 
The biocontrol market increased significantly in Europe towards the end of the 20th 17 
century and is still increasing worldwide, primarily in protected crops. The estimated 18 
global market for BCAs is €300 million (Cock et al. 2010) with 75% of the market 19 
value located in Europe (Cock et al. 2009). The main driving force for this shift from 20 
chemical control to biocontrol has been insecticide resistance, particularly in thrips, 21 
in some cases leaving growers with no effective chemical treatments thus resorting to 22 
biological alternatives (van Lenteren 2012). Reduction in chemical applications 23 
allowed growers to use bumblebees for pollination, reducing workload and 24 
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increasing crop yields (Lazarovits et al. 2007). This led to the need for non-chemical 1 
control of other pest problems in order to not disturb the biocontrol agents and 2 
pollinators already in use which further stimulated the use of BCAs.  3 
 4 
Not all growers were willing to adopt BCAs as part of their crop protection 5 
programme and some sourced illegal substances to deal with the insecticide 6 
resistance in thrips. In 2006 sweet peppers from Almeria, Spain, were found to 7 
contain residues of the EU banned substance isofenphos-methyl which was used 8 
illegally for thrips control (Glass 2012; Calvo et al. 2015). Heavy pressure from the 9 
EU led to a very quick turn of events resulting in a biocontrol boom in Almeria in 10 
2007 (Cock et al. 2009; Glass 2012). Almeria is an example of a large scale 11 
development of biocontrol with 95% of pepper growers using BCAs generating a big 12 
market value for the biocontrol industry (Cock et al. 2009). 13 
1.3 Integrated pest management 14 
Biocontrol on its own is often not sufficient to control all the pest and diseases that 15 
modern cropping systems are exposed to. Therefore, BCAs are often used in 16 
conjunction with biorational chemicals in integrated pest management (IPM) 17 
programmes. The focus of IPM is to combine crop protection strategies with the 18 
overall aim to reduce the use of broad spectrum pesticides and chemical residues on 19 
produce (Cock et al. 2009).  IPM programs can be tailored to specific crop types 20 
where the tools used within the programme are based on the pest and disease 21 
presence and prevalence in the crop. The ‘Sustainable Use Directive’ (Directive 22 
2009/128/EC) encourages IPM, advising to use BCAs and non-chemical alternatives 23 
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as a first approach with a moderate and sustainable use of pesticides to reduce the 1 
impact on human health and the environment (EU 2009b). 2 
With chemical and biological control being used in the same crop understanding 3 
pesticide compatibility with BCAs has been of growing interest and necessity. 4 
Understanding the ‘knock-down’ effect, persistence and sublethal effects of 5 
insecticides and fungicides on BCAs is essential for a functioning IPM programme 6 
(Cuthbertson et al. 2012; Messelink et al. 2014). Consequently, databases with 7 
information on compatibility and persistence of many pesticides to the most 8 
commonly used BCAs are available from the two biggest BCA producers, Biobest 9 
and Koppert (Biobest 2014; Koppert 2014). An independent database offering 10 
impartial data on a larger range of pesticides and BCAs with information from 11 
laboratory studies, field realistic scenarios and specific crops is available and in 12 
continuous expansion (Sterk 2012). Traditional cultural control methods may in 13 
some instances also need to be altered in order to support biocontrol and, therefore 14 
the overall IPM programme. For example, the practice of de-leafing tomato plants 15 
can negatively affect populations of mirid predators and parasitoids as eggs and 16 
mummies are removed from the crop, respectively (Messelink et al. 2014). This can 17 
be mitigated by delaying the de-leafing process or by retaining the leaves within the 18 
cropping structure until the BCAs have emerged. 19 
1.4 Major pests and predatory mites in protected crops 20 
The vast majority of commercial biocontrol is developed for protected crops. The 21 
global potential market is enormous with approximately 1.2 million ha of vegetables 22 
grown under a cropping structure of some sort (Hickman 2010). Cropping structures 23 
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are normally prioritised for high value, or ‘specialty’, crops such as tomatoes, 1 
cucumbers, peppers and ornamental plants (Hickman 2010). The protected vegetable 2 
industry within the EU is largely self-sufficient covering approximately 135,000 ha 3 
(Hickman 2010) and a large proportion use IPM. Crops grown under the protection 4 
of a cropping structure, such as a glasshouse or a polythene tunnel, are particularly 5 
suitable for biological control of pest organisms. The cropping structure offers 6 
shelter from adverse weather conditions, allows some degree of climate control and 7 
confines the biocontrol agents within the crop (Shipp et al. 2007). The pest pressure 8 
in protected crops however, can be particularly damaging due to the favourable 9 
conditions allowing plants to grow quickly and become a high quality food source 10 
for phytophagous pests (Helyer et al. 2014). The protected environment in modern 11 
glasshouses can be maintained to favour BCAs creating a more stable environment 12 
than in outdoor crops and detaining the BCAs within the crop (Gerson & Weintraub 13 
2012; Messelink et al. 2014). Some of the major pests in protected crops include 14 
aphids, whiteflies, spider mites, and thrips for which efficient BCAs are available 15 
(Malais & Ravensberg 2003; Helyer et al. 2014).  16 
Predatory mites (Acari) are important components of IPM programmes in protected 17 
crops, being the second largest group of BCAs after hymenopteran parasitoids (van 18 
Lenteren 2012). These comprise soil dwelling mites of the families Laelapidae and 19 
Macrochelidae and, the foliar predators of the Phytoseiidae. Due to relatively 20 
efficient rearing systems (Ramakers et al. 1989) combined with effective control of 21 
pest insects and mites with augmentative releases, predatory mites are amongst the 22 
most commonly used BCAs in horticulture (McMurtry & Croft 1997; Gerson et al. 23 
2003; van Lenteren 2012). Predatory mites are used against three of the major pest 24 
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groups, summarised below as outlined by Malais & Ravensberg (2003), Gerson & 1 
Weintraub (2012) and Helyer et al. (2014). 2 
1.4.1 Spider mites 3 
Spider mites are major pests in a wide range of protected crops across the world. The 4 
two-spotted spider mite, Tetranychus urticae Koch (Acari: Tetranychidae), is the 5 
most significant pest species in protected food crops and ornamentals causing 6 
considerable crop damage and economic loss. Spider mites mainly inhabit the 7 
underside of leaves where they feed on leaf chloroplast causing necrotic spots on the 8 
foliage. A heavy infestation can significantly reduce photosynthesis of the infested 9 
plant and result in leaf desiccation and the death of the plant. Spider mites show a 10 
rapid growth rate which may vary according to strain, host plant and environmental 11 
conditions. Population growth rates increase at higher temperatures and lower 12 
humidity, conditions which are enhanced by the reduced transpiration of an 13 
increasingly necrotic leaf. Spider mites also produce silk webbing which can help 14 
dispersal and protect against some natural enemies that otherwise would be able to 15 
feed on them (Messelink et al. 2010). 16 
Spider mites were initially considered a secondary pest but pesticide resistance 17 
elevated the pest status to a primary pest problem and has prompted the use of 18 
biocontrol, particularly predatory mites (Cock et al. 2009). Phytoseiulus persimilis is 19 
the most efficient predator of spider mites, and arguably the most efficient BCA 20 
commercially available, and is used as a curative strategy against crop infestations of 21 
T. urticae, in particular. This predator disperses efficiently in the crop, is well 22 
adapted to move within the spider mite webbing and able to eradicate local spider 23 
mite patches. In crop conditions with higher temperature and lower RH Neoseiulus 24 
27 
 
californicus (McGregor) may perform better than P. persimilis. Due to the more 1 
generalist nature of N. californicus and its use in conditions highly favourable to 2 
spider mites this predator is primarily used as a preventative measure.  3 
1.4.2 Whiteflies 4 
Whiteflies, like spider mites, are highly polyphagous and considered to be one of the 5 
main pests in protected crops. Both the nymphal stages and the adults feed on plant 6 
sap which can stunt the growth of the plant. The main damage from whiteflies, 7 
however, is not from the feeding of the plant but from the excess sugars excreted as 8 
honeydew and vectoring viruses. This honeydew can cover leaves and fruit making 9 
them sticky and encouraging growth of sooty moulds. The result is reduced 10 
photosynthesis in the leaves and unmarketable fruits. The two main pest species of 11 
whitefly are Trialeurodes vaporariorum (Westwood) and Bemisia tabaci 12 
(Gennadius) (Hemiptera: Aleyrodidae), the latter being an invasive pest species 13 
complex in Europe and a quarantine organism in the UK. Both species can transmit 14 
viruses which can cause further plant damage and yield loss, of particular concern 15 
are the tomato chlorosis virus and the tomato yellow leaf curl virus. Additionally, B. 16 
tabaci inject enzymes into the plants during feeding which can cause direct damage 17 
to leaves and fruit.  18 
Whiteflies have a relatively slow egg to adult development time of 3-5 weeks, 19 
depending on temperature, but their reproductive potential is enormous with over 20 
600 eggs deposited per female in favourable conditions. Eggs of T. vaporariorum are 21 
typically laid on new leaves; hence there is a vertical distribution of the whitefly life 22 
stages in a crop with the youngest stages at the top of the plant. Bemisia tabaci, on 23 
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the other hand, oviposit indiscriminately over the whole plant and mixed life stages 1 
can be found anywhere within the crop foliage.    2 
The B. tabaci species complex is particularly able to develop resistance to 3 
insecticides, which has prompted biocontrol alongside the issue of interference of 4 
pesticide use with predatory mites against spider mites. Hymenopteran parasitoids 5 
and mirid predators have been, and still are, the main strategy for controlling 6 
whitefly in IPM programmes. Phytoseiid mites such as Amblyseius (= 7 
Typhlodromips) swirskii Athias-Henriot and Amblydromalus (= Amblyseius) 8 
limonicus (Garman & McGregor) have, however, been found to be voracious 9 
predators of whitefly eggs and first instar larvae and are now commonly included in 10 
the BCA arsenal against whitefly in protected crops (Hoogerbrugge et al. 2005; 11 
Messelink et al. 2006; Messelink et al. 2008; Calvo et al. 2009; Hoogerbrugge et al. 12 
2011a, b). 13 
1.4.3 Thrips 14 
Thrips are another major polyphagous pest problem in protected crops causing crop 15 
damage and yield loss worldwide. In Europe, the leaf feeding Thrips tabaci L. 16 
(Thysanoptera: Thripidae) was considered the main pest species among thrips. 17 
Silver-grey patches on leaves with neighbouring cells turning necrotic are common 18 
symptoms of thrips damage. As a knock-on effect from pesticide resistance in spider 19 
mites and whitefly, necessitating BCAs for successful control, it became essential to 20 
find BCAs for thrips control in order to not interrupt the biocontrol programme of the 21 
aforementioned pests. Frankliniella occidentalis (Pergande) was introduced to 22 
Europe in the 1980s and quickly became one of the main pest issues in protected 23 
crops. Primarily inhabiting flowers rather than leaves, F. occidentalis feed on flower 24 
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buds and growing tips causing deformations and therefore there is a lower tolerance 1 
threshold than for T. tabaci. Thrips damage in pollen bearing crops can be more 2 
dramatic as pollen has a positive effect on the population growth rate of F. 3 
occidentalis. Both species can vector tomato spotted wilt virus but F. occidentalis 4 
exhibit greater resistance to insecticides and greater ability to defend themselves 5 
against BCAs making it the most problematic thrips species in protected crops to 6 
date. Echinothrips americanus Morgan is an emerging invasive pest in Europe for 7 
which biocontrol is proving to be challenging. 8 
Thrips insert their eggs into plant tissue making this life stage difficult to target with 9 
BCAs. Acarine (mite) BCAs can target the active stages on the crop, primarily the 10 
first instar nymphs and to a lesser extent the second instar nymphs (Bakker & Sabelis 11 
1989; Wimmer et al. 2008). The first predatory mite to be used against thrips was the 12 
phytoseiid Neoseiulus (= Amblyseius) cucumeris (Oudemans) in 1985 (van Lenteren 13 
2012). Currently, A. swirskii is widely used for thrips control as it has been shown to 14 
achieve better control than N. cucumeris (van Houten et al. 2005; Hewitt et al. 2015) 15 
and also targets whitefly. Soil dwelling mites such as Stratiolaelaps scimitus 16 
(Womersley) (Acari: Laelapidae) (previously known as Hypoaspis miles in the 17 
biocontrol industry) and Macrocheles robustulus (Berlese) (Acari: Macrochelidae) 18 
can attack the pupal stage, which normally is found in the soil.  19 
1.5 Phytoseiid mites 20 
Phytoseiid mites are of major economic importance, both to growers and the 21 
biocontrol industry, as they are highly efficient predators of phytophagous mites, 22 
thrips and whiteflies (Gerson et al. 2003). The Phytoseiidae is a diverse group of 23 
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over 1,800 described species (de Moraes et al. 2004), with species ranging from 1 
specialist monophagous predators to generalist polyphagous predators that can feed 2 
on mites, insects, fungi, pollen and extra-floral nectars (Rasmy & Elbanhawy 1975; 3 
Gerson et al. 2003). Currently, there are 25 species of phytoseiid mites sold 4 
commercially for biocontrol, three of which are in the top ten most important BCAs: 5 
A. swirskii, N. cucumeris and P. persimilis (van Lenteren 2012). 6 
1.5.1 Biology of phytoseiid mites 7 
Phytoseiid mites have five developmental stages: egg, larva, protonymph, 8 
deutonymph and the reproductive adult (Gerson et al. 2003) with relatively short 9 
development times (Momen & El-Saway 1993; Gerson et al. 2003; Fouly et al. 10 
2011). The group is characterised by having fewer than 23 pairs of setae, the male’s 11 
spermatodactyl being located on the chelicerae and the females having a pair of 12 
spermatheca between coxae III and IV (Chant & McMurtry 2007). Phytoseiids lack 13 
eyes and rely on mechano- and chemoreceptors on their abdomen, legs and at 14 
particularly high concentration in the anterior pair of legs, for sensing their 15 
surroundings and prey (Gerson et al. 2003). In order to locate prey chemical cues 16 
such as plant volatiles released in response to pest damage, prey residues and 17 
semiochemicals are sensed by chemoreceptors on the front tarsi upon contact 18 
(Sabelis & van de Baan 1983; Gerson et al. 2003).  19 
Phytoseiids feed on their prey by piercing through the integument of their mobile 20 
prey or the egg chorion using the chelicera in order to consume the liquid contents 21 
inside (Gerson et al. 2003). Mated females are the most effective predators requiring 22 
biomass for egg production, whereas males are comparatively ineffective (Shipp & 23 
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Whitfield 1991). When food is abundant phytoseiids have an efficient egg production 1 
converting up to 70% of the consumed biomass into eggs (Sabelis 1981). In areas 2 
with little or no prey, or areas with high predator densities, mites will attempt to 3 
search for more favourable conditions by ambulatory dispersal through interplant 4 
connections or exhibit elevation seeking behaviour for aerial dispersal on wind 5 
currents (Croft & Jung 2001; Jung & Croft 2001; Buitenhuis et al. 2010a). 6 
Phytoseiid mites are pseudo-arrhenotokous, which means that mating is essential for 7 
oviposition and repeated mating may be necessary for maximum egg laying during 8 
the oviposition period (Ragusa & Swirski 1977; Momen & El-Saway 1993). In 9 
pseudo-arrhenotokous species both sexes arise from fertilised eggs but males are 10 
haploid due to paternal genome loss (Nomikou et al. 2001). Mating occurs by venter-11 
to-venter position with the smaller male hanging underneath the female with the 12 
spermadactyls inserted into the spermatheca (Momen & El-Saway 1993). Females 13 
may emit a sex pheromone that helps the males locate a potential mate (Hoy & 14 
Smilanick 1979). Mating can be a long process, with the duration of copulation for A. 15 
swirskii recorded to be between 210-270 min (Momen & El-Saway 1993).  16 
In a healthy population the sex ratio is be approximately 0.67, i.e. 2 females per 17 
male, but this can shift under stress such as overcrowding, dehydration, prey type or 18 
low food availability (Eveleigh & Chant 1982; Gerson et al. 2003). In highly female 19 
biased populations maximum oviposition rate may not be achieved due to infrequent 20 
mating (Swirski et al. 1967). For an optimal rate of population increase phytoseiids 21 
will have a demographic distribution of 1:2:1 for adult females, all other mobile 22 
stages (males, nymphs and larvae) and eggs, respectively (Mégevand et al. 1993). 23 
The growth of a population is not only based on the rate of fecundity but also 24 
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strongly affected by egg hatching success, juvenile survival and development time 1 
(Birch 1948). Eggs of phytoseiids require a high relative humidity (RH) to avoid 2 
desiccation and hatch within a narrow RH tolerance spectrum, typically between 70-3 
90% RH, with specific tolerance spectra varying between species and strains (Bakker 4 
et al. 1993; Ferrero et al. 2010).  5 
1.5.2 Lifestyles of phytoseiid mites 6 
McMurtry & Croft (1997) categorised phytoseiid mites into four types according to 7 
their feeding behaviour, which was amended and sub-categorised by McMurtry et al. 8 
(2013): Type I – highly specialised predators of spider mites, subdivided into three 9 
categories according to prey specificity. Type II – broadly specific predators 10 
favouring tetranychid prey. Type III – generalist predators, subdivided into five 11 
categories according to habitat. Type IV – primarily pollen feeders with 12 
opportunistic generalist predator behaviour.  13 
Phytoseiulus persimilis is an example of a Type Ia predator specialised in feeding on 14 
tetranychid mites with a strong association to Tetranychus urticae Koch (Acari: 15 
Tetranychidae), and is considered one of the most efficient commercially available 16 
BCAs (Zhang 2003). Specialist predators are very effective at eradicating the target 17 
prey in the crop but persistence is comparatively short as the population cannot be 18 
sustained in the absence of its prey (Messelink et al. 2014). 19 
The most numerous category is the Type III generalists (McMurtry & Croft 1997). It 20 
has been suggested that Type III characteristics offer advantageous qualities by 21 
targeting several pests and non-pest food sources allowing prolonged persistence in 22 
the crop (Messelink et al. 2014). The generalist behaviour of Type III phytoseiids is 23 
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believed to have developed due to the predators’ adaptation to plant conditions and 1 
leaf architecture rather than specific prey seeking behaviour (McMurtry & Croft 2 
1997) which is the basis for the five subcategories (McMurtry et al. 2013). Rather 3 
than aggregating and laying eggs near the prey these predators tend to oviposit in the 4 
leaf domatia or on trichomes to protect the eggs from adverse conditions and other 5 
predators (McMurtry & Croft 1997; Gerson et al. 2003; Loughner et al. 2010). 6 
Examples of commercially available generalist predators include N. cucumeris, 7 
Neoseiulus barkeri (= Amblyseius mckenziei) (Hughes), A. limonicus and A. swirskii. 8 
There are debates about the classification and taxonomy of phytoseiid mites but for 9 
the sake of consistency this thesis will follow the nomenclature of Chant & 10 
McMurtry (2007). 11 
1.5.3 Mass-rearing 12 
One of the aspects that make phytoseiid mites popular in biocontrol is the relative 13 
ease that they can be mass produced (van Lenteren 2012). Specialist phytoseiids are 14 
normally reared on plants infested with the pest species they target and care must be 15 
taken to avoid supplying the pest with the predator (Gerson et al. 2003; Van Lenteren 16 
& Tommasini 2003). Generalists however, can be mass-reared on ‘factitious’ prey, 17 
i.e. a food source that they would not normally encounter in their natural habitat but 18 
on which they are able to feed and reproduce; these are primarily astigmatid mites 19 
(Gerson et al. 2003; Zhang 2003). Factitious prey allow phytoseiids to be reared in 20 
culture medium in rearing units rather than on plants, which increases the economic 21 
efficiency of commercial production systems as predators can be reared at high 22 
densities in controlled environment rooms (Ramakers et al. 1989; Mégevand et al. 23 
1993). Artificial diets are also being explored for alternative production systems. 24 
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Some recent developments with artificial diets have shown good potential for use in 1 
the mass-rearing of generalist phytoseiids (Nguyen et al. 2014a, b; Vangansbeke et 2 
al. 2014b) but currently there are no openly known phytoseiid production systems 3 
based fully on artificial diets. 4 
Mass-rearing technology is of great economic value and a lot of research is invested 5 
into identifying factitious prey and developing production systems. Consequently, 6 
patents have become an important part of the biocontrol industry with companies 7 
patenting the production technology for specific phytoseiids and their respective 8 
factitious prey. Examples of this include patents for the production systems of A. 9 
swirskii on the astigmatid prey mites Carpoglyphus lactis L. (Bolckmans & van 10 
Houten 2006), Thyreophagus entomophagus (Laboulbéne) (Fidgett et al. 2010) and 11 
Suidasia medanensis (= S. pontifica) Oudemans (Smytheman 2011) by Koppert 12 
Biological Systems BV, Syngenta Crop Protection Inc. and Certis Europe BV, 13 
respectively.  14 
Inbreeding and genetic drift can be an issue in mass-rearing systems as populations 15 
adapt to the captive breeding environment, which may have a negative effect on field 16 
performance (Nunney 2003). The phytoseiids Neoseiulus fallacis (Garman) and P. 17 
persimilis, exhibited reduced oviposition and lower egg hatching rate after 18 
consecutive generations of sibling mating (Poe & Enns 1970). Hoy (1977) however, 19 
reported that sibling mating had little effect on fecundity, longevity and viability of 20 
offspring of Metaseiulus occidentalis (Nesbitt) following nine generations of 21 
inbreeding. The potential negative effect of inbreeding on demographic parameters 22 
may vary among species but by ensuring large populations in rearing units, which 23 
can easily be achieved with generalist phytoseiids, deleterious mutations and genetic 24 
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drift can be prevented (Nunney 2003). The effect of long term captive breeding on 1 
the field performance of phytoseiids however, is poorly understood. 2 
1.5.4 Phytoseiid breeding sachets 3 
Traditionally, predatory mites have been introduced into the crop by sprinkling loose 4 
material containing a carrier, often wheat bran or vermiculite, the predator at a set 5 
density and with or without prey (Sampson 1998; Van Lenteren & Tommasini 2003). 6 
The material is sprinkled throughout the crop at a recommended rate. The carrier 7 
containing the predatory mites falls on the leaves of the crop or close to the base of 8 
the stem allowing the predator to quickly colonise the crop. The material can be 9 
sprinkled over the crop by hand or by using a mechanical mite applicator that either 10 
sprinkles or blows the mites over the crop for a more even distribution (Gerson et al. 11 
2003; Pezzi et al. 2015). The pest-in-first strategy is based on inoculating a crop with 12 
pests prior to the predator in order to provide a food source for the predator and 13 
enhance the population growth of the predator. This is a concept that can work well 14 
for P. persimilis where a crop has been deliberately inoculated with T. urticae but it 15 
is psychologically difficult for growers to accept introducing a pest into their crop 16 
(van Lenteren 2012). 17 
Breeding sachets (Figure 1.1), also known as slow release sachets, are based on the 18 
factitious prey rearing systems and are essentially phytoseiid mite production units 19 
for field application allowing predator dispersal into the crop. These release systems 20 
were initially developed by Bunting Biological Control Ltd. for N. cucumeris in the 21 
early 1990s on the astigmatid prey mite Tyrophagus (= Acarus) putrescentiae 22 
(Schrank) (Acari: Acaridae) (Bennison & Jacobson 1991; Sampson 1998). In 23 
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addition to the predatory mite and its factitious prey the breeding sachet typically 1 
contains a carrier medium such as wheat bran or wood chip particles and a food 2 
source for the factitious prey. The predatory mites that inhabit the sachet feed on the 3 
prey mites and breed within the enclosed environment. A small hole in the sachet 4 
allows dispersal of predators from the system into the crop. 5 
 6 
Figure 1.1 Breeding sachet 7 
A breeding sachet from BCP Certis for phytoseiid mites on a cucumber plant. 8 
Breeding sachets offer a preventative sustained release system through a staggered 9 
introduction of the predator into the crop (Bennison & Jacobson 1991; Sampson 10 
1998; Jacobson et al. 2001b; Baxter et al. 2011) ensuring that predators are present 11 
when the first pests appear. They are considered especially suitable in crops with 12 
little pollen where a sustained release improves preventative protection from pests 13 
(Jacobson et al. 2001b). In pollen bearing crops and crops with pest presence the 14 
staggered release of predators can act as a population enhancement strategy 15 
(Messelink et al. 2014). Breeding sachets can improve pest suppression and stabilise 16 
the pest population at a lower equilibrium with lower equilibrium peaks due to the 17 
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increased numerical response through predator immigration (Holt & Lawton 1994; 1 
Nomikou et al. 2002; van Rijn et al. 2002). Immigration of predators can have a 2 
significant effect on the pest population with a large influx of predators without a 3 
time-lag (Crawley 1975). 4 
Based on the factitious prey rearing systems breeding sachets have been developed, 5 
and are commercially available, for N. cucumeris (Sampson 1998; Buitenhuis et al. 6 
2014a), A. swirskii (Bolckmans & van Houten 2006; Baxter et al. 2011) N. 7 
californicus and Amblyseius andersoni (Chant) (Gobin et al. 2011). 8 
1.5.5 Population establishment in the crop 9 
The success of phytoseiid mites in biocontrol has been attributed to their rate of 10 
population increase (Sabelis 1985) and relatively cost efficient production systems 11 
allowing augmentative releases of a large quantity of predators (Ramakers et al. 12 
1989; van Lenteren 2012). Establishment in the crop will depend on food availability 13 
for the predators, leaf structure, density and type of trichomes, and environmental 14 
conditions in the crop (Gerson & Weintraub 2012; McMurtry et al. 2013). Specialist 15 
predators require pest presence in order to achieve successful establishment in the 16 
crop. Generalist predators however, can establish on naturally occurring non-prey 17 
food sources such as pollen or alternative prey (Messelink et al. 2014). Persistence 18 
and population growth rates of generalist phytoseiids in the crop can be enhanced by 19 
supplementing non-prey food sources including pollen, cysts of brine shrimps 20 
Artemia franciscana Kellogg and artificial diets (van Rijn et al. 2002; Wade et al. 21 
2008; Nomikou et al. 2010; Messelink et al. 2014; Nguyen et al. 2014a; 22 
Vangansbeke et al. 2014b; Delisle et al. 2015a) supporting a numerical advantage of 23 
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the predator over the pest. The food supplements can either be sprayed onto the crop 1 
for an even coverage (Wade et al. 2008) or supplied using pollen producing banker 2 
plants such as pepper plants (Xiao et al. 2012; Kumar et al. 2015). This may be 3 
particularly useful in crops that offer little or no pollen, such as cucumbers.  4 
Thrips are also able to feed on supplemented pollen (Hulshof et al. 2003) raising 5 
concerns of whether such supplements are advantageous for thrips control as it may 6 
benefit the pest and reduce the predation rate of the predators feeding on the pollen 7 
(Leman & Messelink 2015; Vangansbeke et al. 2015b). The enhancement in predator 8 
population growth provided by the pollen however, outweighs the effect on thrips 9 
population growth rates and predation rates leading to overall improved thrips 10 
control (van Rijn et al. 2002; Leman & Messelink 2015). Moreover, thrips feeding 11 
on supplemented pollen may reduce leaf feeding and anti-predator behaviour such as 12 
feeding on phytoseiid eggs (Vangansbeke et al. 2014a) further benefiting the 13 
predator and the crop. 14 
Although there have been reports of both cannibalism and intraguild predation 15 
(predation on another BCA that exploits the same prey) among generalist phytoseiids 16 
(Rasmy et al. 2004; Momen & Abdel-Khalek 2009; Buitenhuis et al. 2010b; da Silva 17 
et al. 2015) there has been little evidence of this having a negative effect on pest 18 
control in the field (Janssen et al. 2006). Phytoseiid mites often oviposit on non-19 
glandular trichomes or in tuft domatia in the vein axils and therefore evade egg 20 
cannibalism and intraguild predation (Walter 1996; Loughner et al. 2010). 21 
Hyperpredation, predation on another BCA that is exploiting a different prey source, 22 
may be a problem with concomitant use of two or more BCAs. Phytoseiid mites have 23 
been found to feed on eggs of the aphid predator Aphidoletes aphidimyza (Rondani) 24 
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(Diptera: Cecidomyiidae) which may potentially disrupt aphid control in a pepper 1 
crop (Messelink et al. 2011). Compatibility of BCAs is an area of biocontrol that 2 
necessitates more research, particularly in IPM programmes involving generalist 3 
predators and/or pathogens (Wittman & Leather 1997; Shipp et al. 2012). 4 
1.5.6 Dispersal of phytoseiid mites 5 
Dispersal is an important factor in augmentative biocontrol (Croft & Jung 2001). 6 
BCAs are released at a number of point sources in the crop and pest control depends 7 
on the BCA’s ability to multiply and disperse into the crop and between prey 8 
patches. Dispersal is defined as the emigration of individuals from one defined patch 9 
in search of a more favourable patch where the reproductive success is higher 10 
(Bernstein 1984). A patch can be defined as a specific prey colony, a leaf, a plant or 11 
any other specified structure.  12 
Skirvin & Fenlon (2003) have shown that the number of plant connections in a 13 
canopy increases dispersal success and distance. Gravid females are the primary 14 
dispersing stage and the most likely to establish a new colony (Sabelis & Dicke 15 
1985; Pels & Sabelis 1999). Phytoseiid movements within a prey patch are random 16 
with high turning rates whereas when dispersing from a patch a non-random walk is 17 
adopted with lower turning rates, i.e. straight walk path, allowing the mites to cover a 18 
greater distance in search of a new patch (Sabelis 1981; Berry & Holtzer 1990). The 19 
non-random walk is more readily adopted in patches with low prey density making it 20 
more likely for predators to leave a low density prey patch than a high density patch 21 
(Bernstein 1984; Berry & Holtzer 1990). There are several factors that can stimulate 22 
phytoseiid mites to disperse from a patch. Adult female phytoseiids would disperse 23 
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from a low density prey patch rather quickly, but a proportion of the phytoseiid 1 
population will disperse from a patch even with high prey densities (Berry & Holtzer 2 
1990). Dispersal is positively linked to the time a phytoseiid has been deprived of 3 
food; hence, predators will quickly leave a patch devoid of prey (Bernstein 1983). 4 
Specialist predators have a higher tendency to disperse from a patch, particularly if 5 
low or devoid of prey, than generalist predators (Jung & Croft 2001). This is because 6 
specialists need to search for their specific prey whereas generalists are more adapted 7 
to the habitat and able to feed on many other available food sources (McMurtry et al. 8 
2013). 9 
Pels & Sabelis (1999) found that isofemale lines (genetically isolated) of P. 10 
persimilis had different dispersal strategies based on the spatially structured predator-11 
prey interactions defined by van Baalen & Sabelis (1995): The Killer-strategy where 12 
dispersal commences on depletion of the local prey population, and; the Milker-13 
strategy with a continuous small proportion of predators dispersing whilst prey is still 14 
present. The population with the Milker-strategy increases at a lower rate due to the 15 
lower numerical response caused by dispersal but the total number of predators 16 
generated from that population is higher as it can exploit the prey for longer.  17 
Environmental factors can also influence dispersal. Temperature has a positive effect 18 
on dispersal with higher temperatures increasing the activity of the mites thus 19 
increasing dispersal rates (Berry & Holtzer 1990; Skirvin & Fenlon 2003). Bernstein 20 
(1983) reported that desiccated mites are more likely to seek out shaded areas with 21 
higher RH, it is therefore reasonable to assume that phytoseiids will disperse from 22 
areas of low RH to areas of higher RH. 23 
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1.6 Amblyseius swirskii 1 
Amblyseius swirskii is a generalist predator commonly used to control whitefly and 2 
thrips in protected crops. It is a comparatively new addition to the commercial BCA 3 
armoury, being only available for sale since 2005, but it is already considered one of 4 
the most efficient BCAs of whitefly and thrips (Messelink et al. 2008; Gerson & 5 
Weintraub 2012; van Lenteren 2012).  The first description of A. swirskii was from 6 
specimens collected in a citrus orchard in Israel in 1962 (Athias-Henriot 1962). It 7 
was later reclassified to the genus Typhlodromips (de Moraes et al. 2004) but it is 8 
now largely accepted to belong to the genus Amblyseius (Chant & McMurtry 2007). 9 
In the same year that A. swirskii was described in Israel, Amblyseius rykei Pritchard 10 
& Baker was described as a new species in the Democratic Republic of Congo 11 
(Pritchard & Baker 1962), but after thorough anatomical studies and cross breeding 12 
experiments Zannou & Hanna (2011) concluded that A. swirskii and A. rykei were, in 13 
fact, the same species.  14 
1.6.1 Biology of A. swirskii 15 
Amblyseius swirskii is a small leaf-dwelling predatory mite (Figure 1.2) with adult 16 
female body length of approximately 350 µm (Kade et al. 2011; Zannou & Hanna 17 
2011) and the adult male easily distinguished by its smaller size. The body colour of 18 
A. swirskii can change according to the diet, varying between white-yellow, yellow-19 
brown and orange-red (Swirski et al. 1967). Like most phytoseiids, A. swirskii has a 20 
relatively short development time but demographic parameters will depend on diet, 21 
temperature and RH. At 23 – 26oC A. swirskii will typically complete egg-to-adult 22 
development in 5 – 7 days depending on diet and prey density (El-Laithy & Fouly 23 
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1992; Fouly et al. 2011; Lee & Gillespie 2011; Park et al. 2011; Nguyen et al. 1 
2014a). At these conditions the adult female longevity varies from 23 to 35 days in 2 
which time she can lay between 16 and 38 eggs depending on diet (El-Laithy & 3 
Fouly 1992; Lee & Gillespie 2011; Park et al. 2011; Nguyen et al. 2014a).  4 
 5 
Figure 1.2 Amblyseius swirskii 6 
Adult female (left) and larva (right) of A. swirskii on a leaf disc (mag. x40) 7 
Temperature and RH can have a big impact on development time, survival, 8 
longevity, fecundity and predation rates. The optimum temperature range for A. 9 
swirskii is 20 – 32oC, whereas temperatures below 15oC and above 37oC result in 10 
negative population growth and can be considered the lower and upper temperature 11 
thresholds, respectively (Lee & Gillespie 2011). Amblyseius swirskii does not enter 12 
diapause (Bolckmans et al. 2005; Allen 2009) and in its natural habitat all life stages 13 
can be found overwintering (Swirski & Amitai 1997) but prolonged periods of low 14 
temperature can lead to high mortality (Allen 2009). Most phytoseiid mites respond 15 
positively to increasing RH whereas dry conditions can impact survival and 16 
particularly egg viability. Amblyseius swirskii is considered to be a drought sensitive 17 
species and require 63-69% RH for half of the eggs to hatch successfully (Bolckmans 18 
et al. 2005; Ferrero et al. 2010). Successful population growth can be observed at 19 
low atmospheric RH due to higher local RH in the microclimate of the leaves caused 20 
by transpiration (Messelink et al. 2014).  21 
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As with all phytoseiids, the reproductive female of A. swirskii is the most efficient 1 
predator (Shipp & Whitfield 1991) but all mobile life stages are able to feed. Within 2 
the family of Phytoseiidae some species will feed during the larval stage, while 3 
others will not. The larvae of A. swirskii are opportunistic feeders and can consume 4 
small prey but it is not a requisite to continue the development and moult into the 5 
next development stage (Swirski et al. 1967; Momen & El-Saway 1993; Fouly et al. 6 
2011). As a comparison, larvae of the thrips predator N. cucumeris do not feed 7 
(Swirski et al. 1967; McMurtry et al. 1970; Momen & El-Saway 1993). The 8 
opportunistic feeding by the larval stage may have developed as an amalgamation of 9 
the polyphagous nature of A. swirskii and anti-predator behaviour by some prey. In 10 
the presence of harmless food sources, such as pollen, A. swirskii will oviposit close 11 
to the food source (de Almeida & Janssen 2013) giving the larvae easy access to food 12 
that may benefit their development. In the presences of thrips, which may attack 13 
phytoseiid eggs (Choh et al. 2012), A. swirskii avoid ovipositing close to the prey 14 
increasing the survival rate of the eggs but reducing access to prey for the larvae (de 15 
Almeida & Janssen 2013). 16 
Amblyseius swirskii can endure periods of prey shortage and will survive up to one 17 
week without any food (Buitenhuis et al. 2010a). Although mating will still take 18 
place during food shortage eggs will not be produced, but the spermatophores are 19 
stored in the spermatheca until food is available (Ragusa & Swirski 1977). When 20 
food is scarce however, they will resort to cannibalism, primarily adults feeding on 21 
nymphs and larvae, which again lead to reduced fecundity, longevity and predation 22 
rates (Momen & El-Saway 1993; Rasmy et al. 2004). Fecundity and predation rates 23 
may improve when prey becomes available but will not be restored to original levels 24 
(Rasmy et al. 2004). 25 
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1.6.2 A. swirskii in biocontrol 1 
With its origin from the South Eastern Mediterranean region (de Moraes et al. 2004) 2 
A. swirskii is well adapted to the climatic conditions within cropping structures and is 3 
used for pest control in peppers, cucumbers, melon, aubergines, courgette, roses, 4 
chrysanthemum, gerbera and strawberries (Buitenhuis et al. 2010b; Calvo et al. 5 
2015). Amblyseius swirskii has been reported to control outbreaks of the two major 6 
whitefly pest species T. vaporariorum (Messelink et al. 2008; Messelink et al. 2010) 7 
and B. tabaci (Nomikou et al. 2002; Hoogerbrugge et al. 2005; Calvo et al. 2011). 8 
Furthermore, A. swirskii will predate on several species of thrips and can control 9 
outbreaks of the two major pest species in Europe; F. occidentalis (van Houten et al. 10 
2005; Messelink et al. 2006; Chow et al. 2010; Xiao et al. 2012) and T. tabaci 11 
(Wimmer et al. 2008). 12 
Amblyseius swirskii primarily feed on the eggs and first instars of whiteflies 13 
(Nomikou et al. 2004) and, the first instar of thrips (Wimmer et al. 2008; Arthurs et 14 
al. 2009). Later instars of whitefly are rarely attacked and adult whiteflies are too big 15 
and can easily escape. Thrips pupae are protected in the soil and adult thrips are not 16 
attacked due to their vigorous defence behaviour (Wimmer et al. 2008; Arthurs et al. 17 
2009). Using the same BCA for more than one pest problem can be advantageous as 18 
it may simplify the IPM programme and improve the cost of control. As a 19 
polyphagous predator A. swirskii can control simultaneous outbreaks of thrips and 20 
whitefly and may achieve better pest control and build up in higher predator numbers 21 
on a crop with mixed prey populations (Messelink et al. 2010; Calvo et al. 2011). 22 
Amblyseius swirskii has been found to achieve better control of whitefly in the 23 
presence of thrips due to faster development time and improved juvenile survival as a 24 
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result of the benefit of a mixed diet (Messelink et al. 2008). Furthermore, A. swirskii 1 
respond well to many forms of food supplementation including pollen, A. 2 
franciscana cysts and artificial diets (Nguyen et al. 2014a, b). Applying such diets to 3 
a crop with A. swirskii can improve pest control by enhancing population growth, 4 
either due to supplementing their diet with a non-prey food source or by supporting 5 
the predator population in the absence of prey (Nomikou et al. 2010; Nguyen et al. 6 
2014a; Delisle et al. 2015b; Vangansbeke et al. 2015b).  7 
Amblyseius swirskii has on many occasions been shown to be superior for thrips and 8 
whitefly control to other comparable phytoseiids. Comparing A. swirskii with N. 9 
cucumeris van Houten et al. (2005) found that A. swirskii supressed F. occidentalis 10 
to a level economically acceptable in sweet peppers more efficiently than N. 11 
cucumeris when starting with a 30 times lower introduction rate. This difference was 12 
due to the faster development time of A. swirskii rather than prey consumption or 13 
oviposition rates, which were similar. Equally, Messelink et al. (2006) reported A. 14 
swirskii to be the best thrips predator alongside A. limonicus when compared with 15 
seven other phytoseiid mites, including N. cucumeris, and Hewitt et al. (2015) found 16 
that A. swirskii achieved better thrips control than N. cucumeris during summer 17 
conditions in ornamental crops. Furthermore, A. swirskii has been reported to achieve 18 
better thrips control of Scirtothrips dorsalis Hood than N. cucumeris (Arthurs et al. 19 
2009) and to have better potential for B. tabaci control than five other phytoseiids 20 
tested by Nomikou et al. (2001). 21 
Combining BCAs that target different life stages of the same pest can improve pest 22 
control, but BCAs may also have a negative impact on each other. Introducing A. 23 
swirskii together with the parasitoid Eretmocerus mundus Mercet (Hymenoptera: 24 
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Aphelinidae) can improve whitefly control in peppers and therefore reduce the 1 
dependence on corrective pesticide applications (Calvo et al. 2009). As A. swirskii 2 
primarily feed on eggs and first instar nymphs and E. mundus mainly parasitizes 3 
second and third instar nymphs there is no direct competition between these two 4 
BCAs (Calvo et al. 2009). In studying the compatibility of A. swirskii with the 5 
predatory bug Orius insidiosus (Say) (Hemiptera: Anthocoridae) for thrips control 6 
Chow et al. (2010) found that O. insidiosus would feed on A. swirskii when thrips 7 
levels were low, switching to the most abundant food source, but there was no 8 
positive or negative effect of combining these two BCAs for thrips control in roses. 9 
Whether these two BCAs can be considered compatible at some level is debatable. 10 
At high prey densities they may both feed primarily on thrips whereas at lower prey 11 
levels A. swirskii is at risk of predation, but thrips tolerance levels are low, 12 
particularly in ornamental crops, and large pest populations must be avoided.  13 
Amblyseius swirskii may also disrupt other BCAs as it has been reported to be an 14 
intraguild predator of N. cucumeris, with which concomitant release is a common 15 
strategy for thrips control (Buitenhuis et al. 2010b), although the effect of this in the 16 
field has not been studied. Hyperpredation of A. swirskii on A. aphidomyza eggs has 17 
also been shown to reduce aphid control in peppers resulting in significantly higher 18 
aphid populations compared to plants without A. swirskii (Messelink et al. 2011). In 19 
this situation A. swirskii may be more compatible with aphid parasitoids where the 20 
egg is protected inside the aphid and inaccessible to smaller predators. Compatibility 21 
of BCAs is a complex topic and may require a case-by-case judgement rather than a 22 
‘yes or no’ scenario. 23 
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Although A. swirskii is marketed for control of thrips and whitefly populations in 1 
protected crops it has been reported to feed and reproduce on several different pest 2 
species of insects and mites, as summarised in Table 1.1. Despite this range of 3 
potential diets A. swirskii is primarily used for whitefly and thrips control, usually 4 
due to other obstacles hindering access to the prey. Good predation rates and 5 
demographic parameters have been reported for A. swirskii on a diet of T. urticae  6 
(El-Laithy & Fouly 1992) but the webbing produced by colonies of spider mites 7 
deters A. swirskii and prevents access to the prey (Messelink et al. 2010). Hence, 8 
very light infestations of spider mites may offer an alternative food source for A. 9 
swirskii and perhaps reduce the early onset of a pest outbreak but reliable pest 10 
control cannot be achieved for this prey. Similarly, A. swirskii can feed and 11 
reproduce on the tomato russet mite Aculops lycopersici (Massee) (Park et al. 2010; 12 
Park et al. 2011) but the glandular trichomes of tomato plants prevents dispersal 13 
between prey patches making successful control very challenging (Koller et al. 14 
2007).  15 
Research also suggests that A. swirskii can control the broad mite 16 
Polyphagotarsonemus latus (Banks) in peppers (Tal et al. 2007; van Maanen et al. 17 
2010). As A. swirskii is often released preventatively for whitefly and thrips, and 18 
establish well on the pollen in the crop, A. swirskii may concurrently contribute to 19 
broad mite control (van Maanen et al. 2012). A new market of A. swirskii may open 20 
up in citrus orchards as it has been found to feed on eggs and nymphs of the Asian 21 
citrus psyllid Diaphorina citri Kuwayama (Hemiptera: Psyllidae), resulting in 80% 22 
control in glasshouse experiments (Juan-Blasco et al. 2012). Similarly, promising 23 
results for A. swirskii in controlling the red palm mite, Raoiella indica Hirst (Acari: 24 
Tenuipalpidae) have been presented by Peña et al. (2009) and A. swirskii has been 25 
48 
 
shown to feed on the invasive thrips E. americanus (Hoogerbrugge et al. 2014). 1 
Much attention is given to extend the use of this efficient BCA and it may in the 2 
future be marketed for several more pests in different crops. 3 
Table 1.1 Prey of A. swirskii 4 
An overview of the most important pest species as prey for Amblyseius swirskii. For 5 
a comprehensive list of potential prey see Calvo et al. (2015) 6 
Prey type Species Reference 
Broad mites 
(Acari: 
Tarsonemidae) 
 
P. latus (Banks) 
 
van Maanen et al. (2010) 
Eriophyid mites 
(Acari: Eriophyidae) 
 
A. lycopersici 
 
Momen & Abdel-Khalek (2008) 
 Eriophyes dioscoridis 
Soliman & Abou-Awad 
Momen & El-Saway (1993) 
Spider mites 
(Acari: 
Tetranychidae) 
 
T. urticae 
Oligonichus mangiferus 
(Rahman & Sapra) 
 
El-Laithy & Fouly (1992) 
Abou-Awad et al. (2011) 
Thrips 
(Thysanoptera: 
Thripidae) 
 
E. americanus 
F. occidentalis 
S. dorsalis 
Thrips palmi Karny 
T. tabaci 
 
Hoogerbrugge et al. (2014) 
van Houten et al. (2005) 
Arthurs et al. (2009) 
Cuthbertson et al. (2012) 
Wimmer et al. (2008) 
Whiteflies 
(Hemiptera: 
Aleyrodidae) 
 
B. tabaci 
T. vaporariorum 
 
Nomikou et al. (2004) 
Messelink et al. (2006) 
 7 
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1.6.3 Market value 1 
Amblyseius swirskii is an economically important species. Ranked as the most 2 
important invertebrate biocontrol agent by van Lenteren (2012), A. swirskii is sold in 3 
more than 20 countries worldwide (Calvo et al. 2015) and is an integral part of IPM 4 
programmes in protected crops, particularly in cucumbers and peppers. During the 5 
IPM revolution in Spain in 2007 A. swirskii was an essential tool to complete the 6 
IPM programme demonstrating satisfactory whitefly and thrips control competitive 7 
with conventional control (Cock et al. 2009; Glass 2012).  8 
Based on the total surface area of protected cucumbers and peppers in the four 9 
leading countries for biocontrol (Table 1.2), assuming recommended introduction 10 
rates for local IPM programmes and local grower prices (Certis sales team pers. 11 
comm.) the market value of A. swirskii can be estimated to be over €18 million in 12 
The Netherlands, France, Spain and the UK. The economic value of this polyphagous 13 
predator has the potential to increase significantly as further uses in new crops are 14 
being explored, such as citrus orchards (Juan-Blasco et al. 2012). 15 
Due to the economic importance of A. swirskii it has been a driver of change in the 16 
biocontrol industry with regards to intellectual property (IP). It generated the first 17 
patent of the association between a BCA and its factitious prey, as outlined in section 18 
1.5.3, and opened opportunities for licensing the technology and increasing the 19 
economic value overall allowing a greater return on the investment for development 20 
of new technologies. There have since been several patents filed for similar 21 
associations for A. swirskii and other BCAs. 22 
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Table 1.2 Area of protected peppers and cucumbers 1 
Total area of peppers and cucumbers grown under a cropping structure in France, 2 
The Netherlands, Spain and the UK with corresponding level of IPM. 3 
 Peppers Cucumbers References 
Country Protected 
area (ha) 
% IPM* Protected 
area (ha) 
% IPM*  
France 682 15 501 75 Agreste (2014) 
Netherlands 1,360 100 656 100 LTO-Nederland 
(2012) 
Spain 10,586 100 5,174 60 Magrama 
(2011) 
UK 92 90 108 90 Defra (2014) 
Total 12,654 - 6,436 -  
*Estimates from the Certis sales team 4 
1.7 Astigmatid mites 5 
Astigmatid mites are small soft bodied mites that lack stigmata and therefore 6 
experience gas exchange directly through the integument (Zhang 2003). They are 7 
adapted to live in ephemeral habitats exhibiting strong aggregation around a food 8 
source until it is depleted (Kuwahara 2004). Astigmatid mites have six life stages: 9 
egg, larva, protonymph, deutonymph, tritonymph and the reproductive adult, but in 10 
some species the deutonymph may be absent. The deutonymph is a modified form 11 
adapted for phoresy, i.e. dispersal, or as a resting stage for periods of unfavourable 12 
conditions and is sometimes referred to as a hypopus (O'Connor 1994; Zhang 2003). 13 
Due to their dentate chelicerae astigmatid mites can ingest particulate food, as 14 
opposed to the stylet feeding phytoseiids, and are typically saprophytic and can be 15 
found in leaf litter, top soils, animal nests and house dust feeding on organic matter, 16 
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fungi and sometimes small insects and nematodes (Gerson et al. 2003). Some are 1 
pests of stored food products and can cause major economic damage (Gerson et al. 2 
2003).   3 
Astigmatid mites are highly fecund depositing 100 – 500 eggs in a lifetime 4 
(O'Connor 1994) with both genders arising from fertilised eggs at a 1:1 sex ratio and 5 
minimal sexual dimorphism (Gerson et al. 2003). Astigmatid mites are important for 6 
biocontrol because they can be used as factitious prey for generalist predatory mites 7 
allowing large scale cost efficient production systems (van Lenteren 2012). Acarus 8 
sp. and Tyrophagus sp. were the first astigmatids to be used in mass-rearing of BCAs 9 
functioning as factitious prey for the phytoseiid mite N. cucumeris (Gerson et al. 10 
2003). All species of astigmatid mites however, are not suitable as prey for all 11 
phytoseiids. Consequently, there are now several astigmatid species used to rear 12 
different phytoseiid mites, three of which can be used for mass-rearing A. swirskii: C. 13 
lactis (Bolckmans & van Houten 2006), T. entomophagus (Fidgett et al. 2010) and S. 14 
medanensis (Smytheman 2011). 15 
1.8 Suidasia medanensis 16 
Suidasia medanensis is a cosmopolitan species that has been found in Europe, Asia, 17 
New Zealand, Africa and South America (Manson 1973; Hughes 1976; Fain & 18 
Philips 1978; Affandi et al. 2005). It was first described by Oudemans (1905) as S. 19 
pontifica with a nymph and a female as the type specimens. The author believed that 20 
he was describing a male and female and created a new genus for these specimens 21 
that he called Suidasia. The specimens were collected from a bird’s nest in tropical 22 
America and were believed to be detritivores rather than parasites. Later, while 23 
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describing specimens of the same species collected from a carpenter bee’s nest in 1 
Sumatra Oudemans assumed that he had discovered a new species which was named 2 
S. medanensis (Oudemans 1924). Fain & Philips (1978) however, while examining 3 
the original slides realised the error of Oudemans and placed the two species in 4 
synonymy. 5 
Suidasia medanensis is a small white-beige mite with adult female size of 318 µm 6 
(Fain & Philips 1978) (Figure 1.3). There is little sexual dimorphism and both males 7 
and females have few and short dorsal setae. The lateral setae (l5), however, are long 8 
in females and short in males (Ahamad et al. 2011) making it relatively easy to 9 
distinguish the genders for adults under the microscope. In nature S. medanensis is 10 
commonly associated with nests of vertebrates and invertebrates (Hughes 1976; Fain 11 
& Philips 1978) and detritus (Affandi et al. 2005), but it has also been reported to 12 
inhabit house dust and stored food products (Hughes 1976; Mercado et al. 2001; 13 
Puerta et al. 2005; Mariana et al. 2009). Along with many other astigmatid mites S. 14 
medanensis has been found to cause sensitization in people with asthma and allergies 15 
when present in house dust, with numerous potential allergens identified (Puerta et 16 
al. 2005). Semiochemical communication is common in astigmatid mites (Kuwahara 17 
2010) and an alarm pheromone has been identified in S. medanensis which is 18 
excreted when disturbed resulting in dispersal of conspecifics (Leal et al. 1989). 19 
Suidasia medanensis is thought to be primarily a tropical species due to its 20 
preference for warm temperatures and high RH, but has spread to temperate areas 21 
through stored food products (Sharp & Haramoto 1970; Fain & Philips 1978). 22 
Compared with phytoseiid mites it has a slow egg-to-adult development time of 12-23 
17 days but a high lifetime fecundity of 50-177 eggs/female, depending on diet, at 24 
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temperatures 20-26oC (Mercado et al. 2001; Chmielewski 2009). It is the ease of 1 
mass-rearing combined with the slow development time and high fecundity that 2 
makes S. medanensis suitable as a factitious prey for phytoseiid mites, such as A. 3 
swirskii, which will be discussed further in later chapters. 4 
 5 
Figure 1.3 Suidasia medanensis 6 
Left to right: Egg, larva, protonymph, tritonymph and adult S. medanensis on a leaf 7 
(mag. x50) 8 
1.9 Entomopathogenic fungi 9 
Fungi that are pathogenic to insects and other small arthropods such as mites are 10 
termed entomopathogenic fungi. There are approximately 750 species of 11 
entomopathogenic fungi (Hawksworth 1991), most of which are found in two of the 12 
four divisions within the true fungi, namely Zygomycota and Ascomycota, in the 13 
orders Entomophthorales, and Hypocreales, respectively (Ravensberg 2011). Fungi 14 
have traditionally been classified according to their sexual fruiting structures, 15 
however, many of the entomopathogenic fungi reproduce asexually and were 16 
therefore placed in a fifth division called Deuteromycota (the ‘imperfect fungi’) in 17 
the class Hyphomycetes. Deuteromycota is no longer accepted as a division and the 18 
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Hyphomycetes have largely been classified as Ascomycete asexual forms 1 
(anamorphs) and placed in the family Clavicipitaceae in the Hypocreales (Inglis et al. 2 
2001), which contains the majority of the entomopathogenic fungi (Chandler et al. 3 
2000). In fact, by DNA analysis all of the anamorophic fungi previously placed in 4 
the Hyphomycetes have now been correlated with sexual forms (teleomorphs) in the 5 
Hypocreales (Shah & Pell 2003), many within the genus Cordyceps, and are believed 6 
to be the anamorphic and teleomorphic state of the same corresponding species; 7 
together referred to as the holomorph (Boucias & Pendland 1998; Inglis et al. 2001). 8 
The order of Entomophthorales contains a large number of entomopathogenic fungi 9 
classified in six families (Pell et al. 2001). These are obligate pathogens with a 10 
narrow host range primarily infecting aphids, caterpillars and flies (Ravensberg 11 
2011), although examples of species infecting mites and insects from all orders can 12 
be found (Pell et al. 2001). The entomophthoralean fungi are highly virulent, 13 
exhibiting fast pathogenesis and epizootics are common in nature therefore playing 14 
an important role in controlling insect and mite populations (Milner 1997; Lacey et 15 
al. 2001; Pell et al. 2001; Ravensberg 2011). Some species can modify the behaviour 16 
of the host causing elevation seeking behaviour where the host is anchored down 17 
with rhizoids giving the fungus an advantageous place for dispersing its spores (Pell 18 
et al. 2001). Due to the natural ability of entomophthoralean fungi to cause 19 
epizootics on foliar mites and insect pests they have great potential in biocontrol. 20 
However, as they are obligate pathogens that cannot be readily grown in vitro they 21 
are very difficult to mass-produce (Milner 1997; Lacey et al. 2001; Pell et al. 2001; 22 
Ravensberg 2011). 23 
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The Hypocreales contain a large number of entomopathogenic fungi, many of which 1 
will infect a diverse host range (Inglis et al. 2001; Pell et al. 2001). Although 2 
numerous species within this order can infect both foliar and soil dwelling arthropods 3 
epizootics mainly occur in the soil and very rarely on foliar insects and mites (Lacey 4 
et al. 2001; Pell et al. 2001). Compared with the Entomophthorales, the hypocrealean 5 
fungi exhibit slow pathogenesis and relatively low virulence, thus requiring a much 6 
greater number of spores to subdue the host (Pell et al. 2001). As many important 7 
species can grow and sporulate saprophytically they can, however, be cultivated in 8 
artificial media making mass-production relatively easy (Feng et al. 1994; Shah & 9 
Pell 2003; Ravensberg 2011). By large scale fermentation in bioreactors a large 10 
volume at high spore density can be produced and formulated to create biopesticide 11 
products that can be implemented in inundative biocontrol (Feng et al. 1994; Milner 12 
1997; Ravensberg 2011).  13 
1.9.1 Pathogenesis of entomopathogenic fungi 14 
Most microbial entomopathogens invade the host through the alimentary canal, 15 
whereas fungi primarily enter the host through direct penetration of the cuticle (Inglis 16 
et al. 2001). The course of events in fungal entomopathogenesis is summarised 17 
below as presented by Boucias & Pendland (1998); Inglis et al. (2001) and Pell et al. 18 
(2001): The infective propagule, normally asexual conidiospores (conidia), attaches 19 
to the insect cuticle and germinates. Germination is dependent on suitable 20 
environmental conditions, typically requiring high RH (Shipp & Wang 2003). 21 
Conidia of entomophthoralean fungi are covered in preformed mucus which aids 22 
attachment to the cuticle increasing infection success. The germ-tube of the spore 23 
forms an appressorium with a penetration peg, which may in some cases acquire 24 
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exogenous nutrients from the host cuticle. The cuticle is penetrated directly by 1 
mechanic and enzymatic mechanisms, but penetration may be inhibited by fatty acids 2 
and melanin in the cuticle and exudates on the cuticle which are believed to play a 3 
role in host selectivity. Successful penetration is often in the thinner non-sclerotised 4 
regions of the cuticle, such as the joints and between segments, where less time and 5 
energy is required to break through (Zimmermann 2007). 6 
Once inside the haemocoele of the host yeast-like hyphal bodies lacking cell walls 7 
proliferate, these are often referred to as protoplasts in Entomophthorales and 8 
blastospores in Hypocreales. In many species these hyphal bodies produce toxins and 9 
secondary metabolites that may be immunosuppressive and induce paralysis of the 10 
host (Strasser et al. 2000; Vey et al. 2001; Zimmermann 2007). Death of the host is a 11 
result of nutrient deprivation, obstruction of organs and toxicosis, usually taking 12 
place 3-7 days after infection (Shah & Pell 2003). During adverse environmental 13 
conditions the fungus may form resting hyphal structures or resting spores inside the 14 
cadaver and await better conditions. Under favourable conditions hyphae will 15 
penetrate through the cuticle shortly after the death of the host and produce conidia-16 
bearing conidiophores, typically referred to as sporulation. Other saprophytic fungi 17 
are excluded due to the presence of the toxic metabolites. The conidia of 18 
Entomophtorales are dispersed by active discharge of conidia propelled by 19 
hydrostatic pressure. If the conidia do not land on a potential host the spore may 20 
germinate and produce a secondary conidium which again can be actively 21 
discharged. Conidia of the Hypocreales are passively dispersed relying on wind, rain 22 
or direct contact with a new host. 23 
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1.9.2 Entomopathogenic fungi as biocontrol agents 1 
The first idea for using fungi, or any microbial pathogen, for controlling insect pests 2 
originated with the Italian entomologist Bassi in 1835. Bassi discovered the concept 3 
of insect pathology when he infected healthy silkworm larvae (Bombyx mori) from 4 
larvae infected with Beauveria bassiana (Balsamo) Vuillemin (Boucias & Pendland 5 
1998). The Russian microbiologist Metchnikoff was the first to use fungi in 6 
biocontrol in the late 19th century as he collected spores of Metharizium anisopliae 7 
(Metchnikoff) Sorokin and used the spores against the grain beetle (Anisoplia 8 
austriaca) (Lord 2005). Metchnikoff pioneered the use of fungi for biocontrol and 9 
also showed that M. anisopliae could be cultivated in vitro, suggesting that inoculum 10 
production facilities could be set up (Lord 2005).  11 
There are 12 species of commercially available entomopathogenic fungi. Mass-12 
produced and formulated as biopesticides they form well over 100 products 13 
containing different strains and formulations of the 12 species prepared by 80 14 
different companies (de Faria & Wraight 2007). These are primarily hypocrealean 15 
anamorph species, although one entomophthoralean species is also commercially 16 
available. Species in the genera Beauveria, Metharizium, Isaria and Lecanicillium 17 
(previously Verticillium lecanii species complex) make up the vast majority of 18 
products (Lacey et al. 2001; de Faria & Wraight 2007). The two most common 19 
species B. bassiana and M. anisopliae make up over 70% of all the commercially 20 
available entomopathogenic fungi (de Faria & Wraight 2007).  21 
Most formulations are based on conidia in wettable powders and oil dispersion 22 
suspensions but some products contain blastospores or mycelia (de Faria & Wraight 23 
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2007). Formulated products typically contain a high concentration of spores and are 1 
relatively stable with a shelf-life of up to 1 year (Copping 2001; Ravensberg 2011). 2 
Formulations based on oil suspensions can reduce the sensitivity of the conidia to 3 
low RH as the oil delays desiccation of the spores (Bateman & Chapple 2001; Alves 4 
et al. 2002). Biopesticides can be adopted relatively easily by growers as they can be 5 
applied to the crop using conventional spraying equipment, however, it is important 6 
that the user is familiar with the importance of timing and environmental conditions 7 
to achieve maximum efficacy (Bateman & Chapple 2001; Ravensberg 2011). 8 
Microbial pathogens rarely cause 100% mortality but can suppress pest populations 9 
substantially, and repeat-applications can achieve good control (Ugine et al. 2007). 10 
Insect pathogens do not have the same ‘knock-down’ effect as conventional 11 
insecticides and may require several days for the pests to die (Inglis et al. 2001; 12 
Vestergaard et al. 2003). Pre-lethal and sublethal effects may however, contribute to 13 
reducing the economic damage caused by the pest. Infected individuals may feed less 14 
and therefore cause less crop damage prior to death (Fargues et al. 1994) and 15 
infections that do not lead to death can impact the pest population by reduced 16 
fecundity, increased development time and detrimental effects on offspring (Inglis et 17 
al. 2001; Torrado-Leon et al. 2006). Entomopathogenic fungi can be used in field 18 
crops with success stories in controlling the Colorado potato beetle, European corn-19 
borer, lepidopteran pests of soybean and gregarious locust swarms (Inglis et al. 2001; 20 
Shah & Pell 2003). Protected crops are particularly suitable as the environmental 21 
conditions can be manipulated providing optimal RH and temperature for the 22 
pathogen with successful control reported for whiteflies, thrips and aphids in many 23 
protected crops (Inglis et al. 2001). In an IPM programme, it is not just the efficacy 24 
of the entomopathogen to consider but also compatibility with other components of 25 
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the programme. Care must be taken to avoid negative impact on other BCAs, 1 
particularly predators and parasitoids which may be affected by a pathogen with a 2 
wide host range, but also concurrent use with chemicals, particularly fungicides, 3 
which may have a detrimental effect on the fungal pathogen (Ravensberg 2011). 4 
1.9.3 Beauveria bassiana 5 
Beauveria bassiana was discovered by Bassi in 1834 as the first microbial pathogen 6 
of an insect through infection studies on B. mori (Feng et al. 1994; Boucias & 7 
Pendland 1998). Bassi named it the white muscardine fungus due to the un-8 
pigmented conidiophores appearing on infected cadavers. Balsamo-Crivelli was the 9 
first to describe and classify the white muscardine in 1835 and named it Botrytis 10 
bassiana, but it was later reclassified as Beauveria bassiana by Vuillemin in 1912 11 
(Zimmermann 2007). It is one of the most studied and most used fungal pathogens in 12 
biocontrol with 34% of registered mycoinsecticides being based on B. bassiana (de 13 
Faria & Wraight 2007).  14 
Beauveria bassiana has a worldwide distribution and is prevalent in temperate and 15 
tropical regions. It can infect a wide range of hosts, affecting over 700 species of 16 
insects across 15 orders (Zimmermann 2007) and 13 species of mites and ticks 17 
(Chandler et al. 2000). Although there are many examples of natural epizootics in 18 
insect populations they occur relatively infrequently, normally requiring a complex 19 
set of biotic and abiotic factors to coincide (Feng et al. 1994; Lacey et al. 2001). 20 
High density of suitable hosts, high RH during spore germination and sporulation, 21 
and favourable temperatures are some of the factors required for epizootics. Conidia 22 
of B. bassiana require >93% RH to germinate (Hallsworth & Magan 1999) but 23 
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infection of hosts can occur at atmospheric RH of 60-70% due to higher humidity in 1 
the microclimate of the insect cuticle (Wraight et al. 2000; Zimmermann 2007). The 2 
temperature range for radial growth is typically 5-30oC with optimum growth at 25oC 3 
but there are big variations among isolates depending on origin (Hallsworth & 4 
Magan 1999; Quesada-Moraga et al. 2006; Bugeme et al. 2008). Low temperature 5 
and low RH prolong the persistence of B. bassiana conidia allowing a good shelf-life 6 
of the wettable powder formulations (Zimmermann 2007). 7 
Like many other entomopathogens B. bassiana secrete several toxic metabolites that 8 
benefit host colonisation. The main metabolites of B. bassiana are bassianin, 9 
beauvericin, bassianolide, beauveriolide and tenellin (Strasser et al. 2000; Vey et al. 10 
2001). Little is known about most of these metabolites but they tend to elicit 11 
antibiotic activity towards bacteria, cytotoxic activity and have insecticidal 12 
properties, and are believed to be essential to suppress the host’s immune system 13 
during infection and reduce competition from other pathogens and saprophytes 14 
(Strasser et al. 2000; Vey et al. 2001). Some strains of B. bassiana also produce red-15 
coloured oosporein, which can make the host turn red just before or shortly after 16 
death (Strasser et al. 2000; Zimmermann 2007) (Figure 1.4). Oosporein can cause 17 
enzyme malfunction in the host and inhibit viruses and gram-positive bacteria, 18 
reducing competition and protecting the pathogen (Strasser et al. 2000).  19 
Numerous strains have been identified showing varying degree of specificity towards 20 
different groups of insects suggesting that B. bassiana may actually be a species 21 
complex (Boucias & Pendland 1998; Quesada-Moraga et al. 2006; Zimmermann 22 
2007; Bugeme et al. 2008). There are three commercialised isolates of B. bassiana 23 
formulated into several products: strain Bb 147 is mainly used against the Asiatic 24 
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corn borer, strain GHA is used for whitefly, thrips, aphids and mealybugs while 1 
strain ATCC 74040 is mainly used against coleopteran and hemipteran pests 2 
(Copping 2001). In protected crops good control of whitefly, thrips and aphids can be 3 
achieved with commercial formulations of B. bassiana, particularly where there is 4 
high pest pressure and a curative approach is required (Wraight et al. 2000; Faria & 5 
Wraight 2001; Inglis et al. 2001; Jacobson et al. 2001a; Lacey et al. 2001; Shipp & 6 
Wang 2003; Gao et al. 2012). Repeat-applications with 3-7 day intervals and 7 
favourable environmental conditions are required for satisfactory control but the best 8 
approach may be to use B. bassiana in conjunction with other compatible BCAs as 9 
part of an integrated approach (Wraight et al. 2000; Jacobson et al. 2001a; Shipp & 10 
Wang 2003; Ugine et al. 2007).  11 
 12 
Figure 1.4 Beauveria bassiana strain GHA 13 
Pink-red colouration of whitefly nymphs (Trialeurodes vaporariorum) sporulating 14 
with white conidiophores of B. bassiana strain GHA 15 
Interference of B. bassiana with other BCAs is a subject of great debate. Although 16 
many laboratory studies report pathogenicity of B. bassiana to arthropod BCAs field 17 
studies have concluded that there is minimal risk to non-target organisms 18 
(Vestergaard et al. 2003; Zimmermann 2007; Labbe et al. 2009) and that predatory 19 
mites in particular are compatible with B. bassiana (Jacobson et al. 2001a; Shipp et 20 
al. 2003). Not enough is known however, about the sublethal effects of B. bassiana 21 
62 
 
on other BCAs, which may impact the population growth rates of BCAs and 1 
therefore impact control (Ravensberg 2011). 2 
1.10 Aims and objectives 3 
The overall aim of this study was to outline the basic principles of the relationship 4 
between A. swirskii and the factitious prey mite S. medanensis and to shed light on 5 
some potential challenges encountered with field release relating to climatic 6 
conditions and compatibility with B. bassiana. The work was conducted through 7 
laboratory experiments and simulated field scenarios, according to three major aims, 8 
with corresponding objectives, as defined below. 9 
1. To understand the underlying predator-prey interactions of A. swirskii 10 
and S. medanensis   11 
i) Study the life history parameters of A. swirskii on a diet of S. medanensis.  12 
ii) Investigate the effect of prey density on predation and oviposition rates through 13 
the functional and numerical response.  14 
iii) Investigate the preference of A. swirskii to different life stages of S. medanensis 15 
and corresponding capture success rate.  16 
iv) Quantify the volatiles released by S. medanensis when disturbed and 17 
investigate their effect as a defence volatile to A. swirskii.  18 
 19 
2. To understand the predator-prey dynamics and dispersal behaviour of A. 20 
swirskii and S. medanensis in a breeding sachet 21 
i) Examine the effect of prey density, predator density, temperature and RH on 22 
the underlying dispersal behaviour of A. swirskii.  23 
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ii) Investigate the effect of the exit-hole location of a breeding sachet on predator 1 
output.  2 
iii) Study the A. swirskii and S. medanensis population levels in a breeding sachet 3 
and correlate the dynamics with predator dispersal from the system.  4 
iv) Investigate the effect of different levels of fixed temperature and RH on A. 5 
swirskii output from a breeding sachet.  6 
 7 
3 Investigate the potential compatibility of A. swirskii with the fungal 8 
entomopathogen B. bassiana 9 
i) Examine the pathogenicity of B. bassiana to A. swirskii by topical and dry 10 
residue exposure at realistic spore densities.  11 
ii) Study the sublethal effect of B. bassiana on fecundity of A. swirskii and the 12 
effect on the offspring of exposed hosts.  13 
iii) Investigate the survival and sublethal effect on A. swirskii juveniles from eggs 14 
deposited on dry residue of B. Bassiana. 15 
1.11 Study rationale and approach 16 
The underlying dynamics of factitious mass-rearing and field deployment systems 17 
are poorly understood; the knowledge of which may improve some or multiple 18 
parameters of the systems. A question frequently posed in the biocontrol industry is: 19 
Can these systems be improved upon and optimised?  20 
Such an optimisation could encompass achieving maximum predator density in the 21 
rearing units whilst retaining long term stability of the cultures and reaching efficient 22 
population growth rates without jeopardising predator efficiency. The ultimate goal 23 
is to produce as many biocontrol agents as possible with minimal requirements of 24 
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space, time, resources and energy input therefore optimising the production and 1 
economic efficiency of the system. 2 
In relation to field deployment, the goal is to adapt a sachet system to yield the best 3 
possible predator output in crop specific conditions and ascertain the compatibility 4 
with other complimentary biocontrol agents in order to achieve efficient and holistic 5 
biocontrol programmes. Such improvements can provide a competitive strategy and 6 
distinct advantage at customer and grower level, as well as improve the overall 7 
economic efficiency for the production company. 8 
The series of experiments and results reported in this thesis were designed to increase 9 
the knowledge of the A. swirskii – S. medanensis association, and the A. swirskii – B. 10 
bassiana association, providing essential underlying concepts necessary to improve 11 
and optimise these systems. Table 1.3 provides an overview of the experimental 12 
chapters, their underlying concepts and overall rationale. 13 
Table 1.3 Experimental approach of the thesis 14 
Chapter Experiments Rationale 
2 General 
methodology 
- - An overview of methods that are 
repeated in multiple chapters 
3 Life Table 
Parameters 
Life table analysis - ‘Proof of concept’ 
- Population growth rate for assessing 
the efficiency of the predator-prey 
association 
- Analysis of shortfalls in any of the 
parameters 
4 Predator-Prey 
Interactions 
Prey preference 
Functional and 
numerical response 
- Assessment of the preferred life stage, 
which can improve rearing efficiency 
- Understanding the relationship between 
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Capture success density and ratio and how it can affect 
population dynamics 
- Assessment of relative energy input 
required to overcome prey life stages  
5 Volatile Defence 
of S. medanensis 
Quantification of 
volatiles 
Predator repellency 
to the volatiles 
Capture success on 
prey depleted of 
volatile defence 
- Assessment of volatile persistence 
- Identification of the role of the defence 
volatile in repelling predator attacks 
- Investigation of whether experienced 
predators adapt to the volatile and 
therefore become more adapted for 
mass-rearing  
6 Internal Sachet 
Dynamics 
Dispersal strategy 
Effect of carrier 
medium moisture 
content 
Exit hole location 
Internal population 
dynamics 
- Understanding of dispersal strategies 
and how they relate to sachet output 
- Locate exit hole position that achieves 
maximum output 
- Bring knowledge on internal 
population dynamics and how these 
and other parameters relate to output  
7 Effect of 
Climatic 
conditions on 
sachet output 
Effect of RH, 
temperature and 
alternating 
conditions on the 
sachet output 
- Understand how climatic conditions 
affect sachet output in order to 
understand the parameters that can be 
improved to optimise the sachet in 
specific conditions 
- Assess whether periods of favourable 
conditions can compensate to periods 
of unfavourable conditions.  
8 Compatibility of 
A. swirskii with B. 
bassiana 
Pathogenicity 
study 
Sublethal effects  
- Assess pathogenicity and sublethal 
effects of B. bassiana on A. swirskii in 
order to recommend compatibility as 
complementary BCAs 
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Chapter 2 General Methodology 1 
This chapter describes in detail some methodologies which have been used in several 2 
later chapters. 3 
2.1 Experimental arenas 4 
Leaf discs of 50 mm diameter were prepared by cutting circular discs from French 5 
Dwarf Bean, Phaseolus vulgaris L. var. Prince (Bakker Brothers BV, Noord-6 
Scharwoude, Netherlands), cotyledons using a 50 mm Petri dish. The bean plants 7 
were cultivated in compost beds in a glasshouse at approximately 23oC with 8 
supplemental lighting in the winter months, 16 hours of light and 8 hours of darkness 9 
(16L:8D). The leaf discs were placed with the abaxial side up on 1% bacteriological 10 
agar (Oxoid Ltd., Basingstoke, UK) in 50 mm Petri dishes. Lids with an 18 mm 11 
circular hole covered with 54 µm aperture muslin mesh were placed on the Petri 12 
dishes and sealed with Parafilm® (Pechiney Inc., Chicago, USA) to avoid escape 13 
(Figure 2.1). 14 
 15 
Figure 2.1 Leaf disc 50 mm 16 
Phaseolus vulgaris leaf discs of 50 mm diameter with a muslin mesh covered hole in 17 
the lid. 18 
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Leaf discs of 18 mm diameter were prepared by cutting circular leaf discs from P. 1 
vulgaris cotyledons using a cork borer. The leaf discs were placed with the abaxial 2 
side up onto water soaked paper tissue in a 50 mm Petri dish (Figure 2.2). 3 
 4 
Figure 2.2 Leaf disc 18 mm 5 
Phaseolus vulgaris leaf discs of 18 mm diameter on water soaked paper tissue with a 6 
muslin mesh covered hole in the lid. 7 
Paper discs were prepared as an arena by cutting 25 mm diameter circular discs from 8 
sachet paper. The sachet paper, consisting of a layer of semipermeable polyethylene 9 
(PE) coating on paper, was coloured black on the paper side and placed with the 10 
paper side down onto OecoTAK® A5 wet glue (Oecos Ltd., Hertfordshire, UK) 11 
(Figure 2.3). The PE coating prevented the glue from penetrating through the paper 12 
disc whilst the glue held the disc in place and functioned as a barrier for the mites to 13 
avoid escape. The black colouration of the disc improved observation of the pale 14 
coloured mites and their eggs on the arena. 15 
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 1 
Figure 2.3 Paper disc arena 2 
Black paper disc of 25 mm diameter on OecoTAK® A5 wet glue with a muslin mesh 3 
covered hole in the lid. 4 
Mites were transferred to and between experimental arenas using a fine camel hair 5 
brush. Mites were carefully swept up using the brush and gently placed onto the 6 
relevant surface making sure not to damage any part of the mite, which would have 7 
compromised the outcome of any experiment. 8 
2.2 Mite cultures 9 
Amblyseius swirskii were acquired from the commercial culture at BCP Certis (Kent, 10 
UK) and reared on 50 mm leaf discs at 25oC, 70% RH and 16L:8D. Prey based 11 
cultures were supplied with S. medanensis ad libitum while pollen based cultures 12 
were provided cattail pollen (Typha sp.) every 2-3 days. The mites were transferred 13 
onto new leaf discs every 3-5 days. Pollen was collected from wild cattail plants near 14 
Bridgefield, Kent, in July 2013 and June 2014. Impurities were sieved out and the 15 
pollen was stored at -18oC. 16 
Amblyseius swirskii used for breeding sachet trials (see below) were reared with 17 
humidified sawdust particles (0.8 – 1.1 mm diameter) as carrier medium in 13 L PE 18 
containers with a sealable lid. The rearing unit contained 4 x 50 mm diameter vents 19 
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covered with 54 µm aperture muslin mesh to allow gas exchange but prevent mites 1 
from escaping. The A. swirskii sawdust cultures were provided S. medanensis culture 2 
ad libitum and divided 1:1 with fresh medium every 7 days. Culture medium used for 3 
trials was always 7-9 days after the last division. 4 
Suidasia medanensis were acquired from the stock culture at BCP Certis and reared 5 
in 250 ml conical flasks on culture medium consisting of wheat bran, brewer’s yeast 6 
and granulated sugar. The flasks were blocked with cotton wool to avoid mite escape 7 
but to still allow gas exchange. The S. medanensis culture was divided 1:3 with fresh 8 
medium every 7 days to avoid accumulation of wastes and kept at 25oC, 70% RH 9 
and 16L:8D. 10 
2.3 Age synchronisation of mites 11 
Amblyseius swirskii used in all experiments were mated females of synchronised 12 
adult age of 2-4 days after final ecdysis (Buitenhuis et al. 2010b). To ensure that all 13 
experimental mites were of the same age, gravid A. swirskii were placed on 50 mm 14 
leaf discs with pollen or S. medanensis as food for 24 h. The eggs laid during this 15 
period were collected and reared to adulthood for 7-9 days, allowing time for mating 16 
and pre-oviposition period. All experiments were conducted at 25 ± 0.5oC, 75 ± 1% 17 
RH and 16L:8D, unless otherwise specified, in Sanyo MLR controlled environment 18 
cabinets. 19 
Different life stages of S. medanensis were collected by placing culture medium in a 20 
Petri dish, leaving it for 2 minutes, then removing the medium relying on the static 21 
electricity of the Petri dish to retain mixed stages of the prey separated from the 22 
medium. Suidasia medanensis eggs were collected by placing adult females on paper 23 
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discs with a food source for 24 h and the eggs could easily be transferred into 1 
experimental arenas. 2 
2.4 Breeding sachet release trials 3 
Breeding sachets based on the A. swirskii sawdust cultures were prepared according 4 
to standard procedures of medium formulation at BCP Certis, which cannot be 5 
detailed here due to confidentiality issues. Sachet medium was prepared separately 6 
for each replicate with mites from separate rearing units aiming for 400-500 7 
predators per sachet and five prey per predator. Each breeding sachet was filled with 8 
20 ml formulated medium and heat sealed. In order to record mite output the 9 
breeding sachets were placed individually on white sticky traps (20 x 20 cm, Oecos 10 
Ltd., Hertfordshire, UK). The integral hook of the sachet was used to form a pivot 11 
and so elevating the exit-hole of the sachet above the glue of the sticky trap allowing 12 
mites to disperse freely out of the sachet (Baxter et al. 2011) (Figure 2.4). The sticky 13 
traps were removed and changed at specified intervals covering the sticky traps with 14 
transparent PE sheets so that they could be stored and mites counted under the 15 
microscope. All sticky traps were labelled with the specific trial name, replicate and 16 
date of change. The specific trials are detailed in later chapters. 17 
 18 
Figure 2.4 Breeding sachet trial 19 
Breeding sachet on a white sticky trap with the integral hook used as a pivot. 20 
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2.5 Estimating mite numbers  1 
In order to estimate the number of A. swirskii and S. medanensis in the culture or 2 
sachet medium a volumetric, non-destructive, sampling method was used. The 3 
medium was thoroughly mixed in a container allowing a minimum of 10 full 4 
rotations. Using a 0.1 ml volumetric scoop sub-samples were extracted from the 5 
medium and the number of mites present recorded in each of 10 sub-samples. Each 6 
sub-sample was weighed after counting in order to calculate mites per gram and the 7 
full sample was weighed to estimate mites per sample. 8 
2.6 Data analysis 9 
All data analyses were conducted in R 3.1.2 statistical package (R Core Team 2012). 10 
Prior to analyses the data were subjected to the Shapiro-Wilk normality test (Crawley 11 
2007) to test if the data were normally distributed. When p < 0.05 the data were 12 
considered to be not normally distributed. 13 
Non-normal count data were analysed using Generalized Linear Models (GLM) with 14 
Poisson errors (z test), compensating of overdispersion, as required, by applying 15 
quasipoisson errors (t test) (Crawley 2007). GLM with Poisson errors uses the log 16 
link function to transform the non-normal data. 17 
Proportion data were analysed using GLM with binomial errors (z test), 18 
compensating for overdispersion, as required, by applying quasibinomial errors (t 19 
test) (Crawley 2007). GLM with binomial errors uses the logit link function to 20 
transform the data and is advantageous over other proportion models as it takes into 21 
account group size (Crawley 2007). 22 
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Data with repeated measures and temporal pseudoreplication were analysed using 1 
Generalised Linear Mixed Models (GLMM) in the lme4 package (Crawley 2007). 2 
Treatment was set as the fixed effect and the temporal repeated measure of time and 3 
replication were the random effects. 4 
Data from experiments recording survivorship of A. swirskii were analysed by the 5 
Kaplan-Meier function with the Weibull distribution allowing censoring and non-6 
constant hazards (Crawley 2007). Censoring occurs when the time of death of test 7 
specimens is not known due to individuals surviving the trial period or are lost 8 
during the experiment.  9 
Significant difference between treatments was analysed with Tukey’s post hoc test in 10 
the multcomp package. 11 
 12 
 13 
  14 
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Chapter 3 Life Table Parameters 1 
3.1 Introduction 2 
Generalist phytoseiid mites can feed on a wide variety of prey and non-prey food 3 
sources. In knowledge of this polyphagy, mass-rearing systems have been developed 4 
based on factitious prey, i.e. a prey source that the predator would not normally 5 
encounter in their natural habitat but on which they are able to feed and reproduce; 6 
these are primarily astigmatid mites (Zhang 2003). Amblyseius swirskii can be reared 7 
on three different species of astigmatid mites; technologies that have all been patent-8 
protected by their inventors due to the potential economic value of this predator and 9 
novel factitious associations (Bolckmans & van Houten 2006; Fidgett et al. 2010; 10 
Smytheman 2011). Despite the amount of research invested in developing the mass-11 
rearing technologies and to substantiate the IP claims very little scientific data have 12 
been published regarding these factitious predator-prey systems and their intricate 13 
interactions.  14 
The success of phytoseiids as biocontrol agents has been attributed to their high rate 15 
of population increase in response to their target prey (Sabelis 1985). For A. swirskii, 16 
superior pest suppression compared with the thrips predator N. cucumeris has been 17 
attributed to faster development time and improved juvenile survival resulting in an 18 
increased population growth rate, since the predation rate was reported to be similar 19 
for both predators (van Houten et al. 2005; Messelink et al. 2006). The different 20 
demographic parameters therefore play an important role and must be taken into 21 
account when studying a predator-prey system. Life table parameter studies allow 22 
demographic parameters to be assessed under controlled conditions with unlimited 23 
prey availability and offer a good method to determine prey suitability and its 24 
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nutritional value to the predator (Janssen & Sabelis 1992; Simoni et al. 2006). The 1 
demographic parameters can then be examined individually for any potential 2 
weaknesses and summarised as an overall population growth rate, termed the 3 
intrinsic rate of population increase (Birch 1948).  4 
Despite the economic importance of phytoseiid mass-rearing systems based on 5 
factitious astigmatid prey there have been few reports on the efficiency of these 6 
production systems and respective prey suitability. Life table parameters of N. 7 
cucumeris (Castagnoli 1989) and N. californicus (Simoni et al. 2006) have been 8 
studied on various astigmatid mites. Neoseiulus californicus in particular, showed 9 
noticeable differences in intrinsic rate of increase and long term stability between the 10 
astigmatid mites Lepidoglyphus destructor (Schrank) and Acarus siro (L.), favouring 11 
the former. For A. swirskii, life table parameters have been reported on various target 12 
pests and pollen (El-Laithy & Fouly 1992; Nomikou et al. 2001; Momen & Abdel-13 
Khalek 2008; Wimmer et al. 2008; Lee & Gillespie 2011; Park et al. 2011) and on 14 
the factitious prey mite C. lactis (Nguyen et al. 2013) but not on S. medanensis.  15 
The rate of predator population increase supported by a specific diet is of particular 16 
interest for commercial mass-rearing systems where the aim is to increase the 17 
predator numbers as much as possible in as little time as possible. Although a mass-18 
rearing system of A. swirskii on S. medanensis has been developed little is known 19 
about the predator-prey dynamics and how the prey suitability of this factitious prey 20 
compare with that of target pests. As predators and their factitious prey do not 21 
coexist in a natural habitat it is important to test and understand the basic principles 22 
of the predator–prey relationship in this artificially created system. Studying the 23 
demographic parameters of a factitious predator–prey system will provide further 24 
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understanding of the dynamics of a generalist predator when it is presented with a 1 
prey with which it has not co-evolved or previously encountered. The life table 2 
parameters of A. swirskii on a diet of S. medanensis will outline the prey suitability 3 
and offer comparisons of the nutritional value of this factitious prey for A. swirskii 4 
with that of target pest species, as reported in literature. 5 
3.2 Materials & Methods 6 
3.2.1 Life table parameters 7 
The study was initiated by allowing gravid A. swirskii from the leaf disc stock 8 
cultures (see section 2.2 in Chapter 2) to oviposit on 50 mm leaf discs with mixed 9 
life stages of S. medanensis as prey for 16 h. Amblyseius swirskii eggs 0 – 16 h of 10 
age were transferred onto individual 50 mm leaf discs (n = 60) and provided with 11 
mixed life stages of S. medanensis, as the only food source, ad libitum.  12 
Predator development was monitored twice per day, at 8 am and 4 pm, recording the 13 
age from the midpoint of the time interval (Birch 1948) until commencement of the 14 
oviposition period, i.e. when the first egg was observed for each individual female. 15 
Only female A. swirskii were monitored following final ecdysis (n = 35). Males from 16 
the stock culture were added to the females during the pre-oviposition period and 17 
then as required to allow repeated mating (Ragusa & Swirski 1977; Momen & El-18 
Saway 1993) retaining a 1:1 sex ratio throughout the adult life span. The number of 19 
eggs deposited was checked once per day during the oviposition period. Eggs were 20 
removed and reared to adulthood to determine the sex ratio of the offspring (Park et 21 
al. 2011) (n = 718). Leaf discs were renewed twice per week. Missing mites were 22 
excluded (n = 2). 23 
76 
 
3.2.2 Data analysis 1 
The life table parameters were estimated according to the calculations of Birch 2 
(1948) and the doubling time according to Lee & Gillespie (2011) (Table 3.1). 3 
The cumulative oviposition rate was plotted with a two-parameter cumulative 4 
Weibull function (Park et al. 2011). Age specific survival was fitted using the 5 
Kaplan-Meier distribution (Crawley 2007). 6 
Table 3.1 Life table equations 7 
Overview of the equations used to calculate the life table parameters of Amblyseius 8 
swirskii with Suidasia medanensis as prey. 9 
Parameters Equations 
Net reproductive rate (R0)  =

	
 
Intrinsic rate of natural increase (rm) 


	
= 1 
Finite rate of increase (λ) λ = antiloge rm 
 
Mean generation time (T)  = log   
Doubling time (DT)  = log 2  
lx is the probability of being alive at age x and, mx is the mean number female 10 
offspring produced in a unit of time (i.e. 24 h) at age x. 11 
3.3 Results 12 
The egg-to-adult development time of A. swirskii on a diet of S. medanensis is 13 
summarised in Table 3.2. There was no difference in the development time of male 14 
and female A. swirskii, both developing from egg to adult in 5 days and immature 15 
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survival was above 90%. The duration of female adult stages and life history 1 
parameters are summarised in Table 3.3. The sex ratio of the offspring remained 2 
constant with no difference in the sex ratio of the initial cohort and their progeny. 3 
Table 3.2 A. swirskii development time 4 
Egg-to-adult development time (days ± S.E.) of Amblyseius swirskii on a diet of 5 
Suidasia medanensis (n = 54). 6 
Sex n Sex 
ratio 
Egg Larva Proto-
nymph 
Deuto-
nymph 
Total 
Females 35 0.65 1.84  
± 0.04 
0.69  
± 0.05 
1.29  
± 0.06 
1.20  
± 0.10 
5.01  
± 0.10 
Males 19  1.92  
± 0.08 
0.66  
± 0.07 
1.37  
± 0.07 
1.11  
± 0.12 
5.05  
± 0.11 
 7 
Table 3.3 Life table data 8 
Biological parameters of Amblyseius swirskii on a diet of Suidasia medanensis (n = 9 
33). Duration of adult life stages are in days ± S.E. 10 
Adult data Life table parameters 
N 33 Ro 14.11 
Pre-oviposition 2.31 ± 0.11 rm 0.222 
Oviposition 13.03 ± 1.00 λ 1.249 
Post-oviposition 1.82 ± 0.34 T 11.90 
Total longevity 22.14 ± 0.89 DT 3.12 
Total eggs/female 22.52 ± 1.92 Progeny sex ratio 0.67 (n = 718) 
Mean eggs/day 1.71 ± 0.07 Immature survival 0.93 
Ro = net reproductive rate, rm = intrinsic rate of increase, λ = finite rate of increase, T 11 
= mean generation time, DT = doubling time. 12 
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 1 
Figure 3.1 Cumulative oviposition 2 
Cumulative oviposition of Amblyseius swirskii on a diet of Suidasia medanensis 3 
fitted with a two parameter Weibull (r2 = 0.99). 4 
 5 
Figure 3.2 A. swirskii survival distribution 6 
Kaplan–Meier survival distribution of female Amblyseius swirskii on a diet of 7 
Suidasia medanensis. The dotted lines represent 95% confidence intervals. 8 
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The peak oviposition of female A. swirskii was in the first 10 days of the adult stage 1 
after which egg laying (Figure 3.1) and the survival rate decreased considerably 2 
(Figure 3.2). 3 
3.4 Discussion 4 
Astigmatid mites as factitious prey for generalist phytoseiid predators have 5 
revolutionised mass-rearing technology and efficiency for the biocontrol industry. 6 
The effect that these prey sources have on the demographic parameters of the 7 
predator may vary depending on predator and prey species. The results obtained in 8 
this study present the individual demographic parameters and the overall intrinsic 9 
rate of population increase of A. swirskii on a diet of S. medanensis, for comparison 10 
with values reported with other prey in published literature. 11 
Of the many species of astigmatid mites utilised as factitious prey for the mass-12 
rearing of phytoseiid mites, only one other peer-reviewed paper has been published 13 
for A. swirskii which compares C. lactis as a prey with artificial diets. In comparison 14 
with A. swirskii on a diet of C. lactis, as reported by Nguyen et al. (2013), A. swirskii 15 
reared on S. medanensis in the current study displayed noteworthy differences in the 16 
life table parameters indicating the important effect of the prey species on predator 17 
demographic parameters. On a diet of S. medanensis, A. swirskii exhibited a shorter 18 
egg-to-adult development time and a higher daily oviposition rate compared with the 19 
report of A. swirskii on a diet of C. lactis (Nguyen et al. 2013). The longevity and 20 
oviposition period of A. swirskii however, was considerably shorter with S. 21 
medanensis as prey, resulting in a lower net reproductive rate. Despite the lower net 22 
reproductive rate, the intrinsic rate of population increase was higher on a diet of S. 23 
medanensis than reported on C. lactis. This is due to the method of estimating this 24 
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parameter which is strongly influenced by development time and peak oviposition 1 
rate (see further discussion below). The differences in the demographic parameters 2 
for A. swirskii on these two prey species suggests that they may offer a different 3 
nutritional value or that the predator’s interactions with the prey differ according to 4 
prey species. The predator-prey interactions between A. swirskii and S. medanensis 5 
are studied further in subsequent chapters.  6 
With regards to prey and non-prey food sources encountered in target crops, 7 
immature development time of A. swirskii reared on S. medanensis was comparable 8 
with A. swirskii on a diet of T. urticae (El-Laithy & Fouly 1992), B. tabaci 9 
(Nomikou et al. 2001; Fouly et al. 2011) and A. lycopersici (Momen & Abdel-10 
Khalek 2008; Park et al. 2011). The immature development time of A. swirskii was 11 
shorter on S. medanensis than on E. dioscoridis and T. urticae (Momen & El-Saway 12 
1993), F. occidentalis and T. tabaci (Wimmer et al. 2008) and, pollen (Lee & 13 
Gillespie 2011; Park et al. 2011; Nguyen et al. 2013). The intrinsic and finite rates of 14 
increase reflect the nutritional value of a diet under specific conditions. The 15 
relatively high rates of increase resulting in a short doubling time show that S. 16 
medanensis is of good nutritional value to A. swirskii and comparable with prey 17 
encountered in the crop. The intrinsic and finite rates of increase, were similar to A. 18 
swirskii fed on B. tabaci (Nomikou et al. 2001; Fouly et al. 2011) and A. lycopersici 19 
(Momen & Abdel-Khalek 2008; Park et al. 2011) and considerably higher than when 20 
provided with F. occidentalis and T. tabaci as prey (Wimmer et al. 2008). 21 
The net reproductive rate was lower than expected from the peak oviposition period 22 
due to adult mortality starting 13 days after final ecdysis, coinciding with a reduced 23 
oviposition rate. Adult longevity has been reported to be twice as long for A. swirskii 24 
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on B. tabaci (Fouly et al. 2011), A. lycopersici (Park et al. 2011), C. lactis (Nguyen 1 
et al. 2013) and pollen (Lee & Gillespie 2011; Park et al. 2011; Nguyen et al. 2013) 2 
compared with S. medanensis. The rates of increase and doubling time were not 3 
affected by this as these parameters are primarily governed by immature survival, 4 
development time and, fecundity in the first few days of the oviposition period where 5 
increasing age has a decreasing proportional contribution to the rates of increase 6 
(Birch 1948). The generation interval, time taken for an egg to develop into a mature 7 
adult and lay its first egg, can account for up to 91% of the intrinsic rate of increase 8 
parameter in phytoseiids (Abou-Setta & Childers 1991), which explains the high 9 
values of this parameter despite the lower longevity and net reproductive rate of A. 10 
swirskii on S. medanensis compared with other diets. The mites in peak oviposition 11 
period dominate the population growth and, as the next generation of offspring will 12 
reach peak oviposition before the end of the first generation the shorter adult 13 
longevity will not have a strong influence on the population growth rates. This is 14 
similar to the findings of Lee & Gillespie (2011) where higher temperature resulted 15 
in reduced longevity, and consequently lower net reproductive rate, but higher rates 16 
of increase were reported due to shorter immature development time.  17 
Faster development time and reduced lifetime fecundity may be a result of long term 18 
captive-rearing as the predators adapt to the rearing facility and predictable prey 19 
availability (Nunney 2003). The reduced adult longevity however, which is the main 20 
cause of low net reproduction rate, may be due to detrimental effects of repeated 21 
exposure to prey defence mechanisms (see Chapters 4 & 5). The intrinsic rate of 22 
increase reported here suggests that although the dynamics of A. swirskii on this 23 
factitious prey is slightly different from the target prey due to shorter adult longevity, 24 
the predator retains good rates of population increase. This is important, as the key 25 
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trait for predatory mites in pest suppression is the predator growth rate (Sabelis 1 
1985). With a rapid growth rate the predator population consists predominantly of 2 
immature stages, which reflects a good balance of a growing population for 3 
phytoseiid mites (Gerson et al. 2003; Simoni et al. 2006). 4 
The sex ratio remained stable at two females per male in the initial population and 5 
their progeny. This ratio is considered optimal for generalist phytoseiids (Gerson et 6 
al. 2003) but can change to a more male biased ratio when presented with an 7 
unknown prey (Simoni et al. 2006) or due to lack of prey (Eveleigh & Chant 1982). 8 
The stable sex ratio may indicate that the A. swirskii population in question has been 9 
well adapted to S. medanensis as prey after multiple generations on this diet. 10 
Biological parameters of other phytoseiids on astigmatid mites have been reported 11 
for N. cucumeris and N. californicus. The intrinsic rate of increase of A. swirskii on 12 
S. medanensis presented here is comparable to that of N. cucumeris on 13 
Dermatophagoides farinae Hughes (Castagnoli 1989) and N. californicus on L. 14 
destructor (Simoni et al. 2006) after long-term rearing on these factitious prey mites. 15 
Viable life table parameters however, do not necessarily warrant a stable predator–16 
prey relationship. Simoni et al. (2006) found that although the demographic 17 
parameters of N. californicus on A. siro were only slightly inferior to that of L. 18 
destructor the predator population declined unexplainably after 5–6 months and was 19 
thus not considered suitable as prey for continuous predator rearing. The stock 20 
culture of the A. swirskii population in question originated from a commercial culture 21 
on S. medanensis and remained stable on leaf discs in the laboratory on this diet for 3 22 
years while these experiments took place with no indication of decline.  23 
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Other authors have successfully reared the two phytoseiid predators Proprioseiopsis 1 
lenis (Corpuz & Rimando) and Neoseiulus calorai (Corpuz & Rimando), native to 2 
the Philippines, on a diet of S. medanensis but without reporting demographic 3 
parameters (Navasero & Corpuz-Raros 2005). Suidasia medanensis however, was 4 
not suitable as prey for the phytoseiid Neoseiulus longispinosus (Evans) which was 5 
unable to feed and reproduce on this diet (de Leon-Facundo & Corpuz-Raros 2005). 6 
As N. longispinosus is a Type II predator (see Chapter 1) and not a generalist, unlike 7 
A. swirskii, this mite was unwilling to feed on S. medanensis and therefore the 8 
nutritional value of the prey was not reflected. 9 
This is the first study to report the life table parameters of A. swirskii on a diet of S. 10 
medanensis, and the second study to investigate these parameters for A. swirskii on a 11 
factitious prey. This work emphasises the polyphagous nature and adaptability of 12 
generalist phytoseiids illustrated by the population growth rates of A. swirskii on a 13 
factitious prey which was comparable with its target prey, as reported in literature. 14 
The predator population growth rates show that S. medanensis is of high nutritional 15 
value to A. swirskii sustaining a steady population growth comparable with reports 16 
from studies on the target prey. An unknown predator-prey dynamic however, may 17 
be responsible for a shorter longevity and lower net reproductive rate. 18 
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Chapter 4 Predator-Prey Interactions 1 
4.1 Introduction 2 
The interactions between a predator and its ecological prey in their natural habitat 3 
can be intricate and complex, particularly when taking into account abiotic factors 4 
and their influence on the predator-prey dynamics (Sabelis 1990; Crawley 1992; van 5 
Houten et al. 1995; Vangansbeke et al. 2013; Hewitt et al. 2015). The abiotic factors 6 
of factitious rearing units are much simpler than the natural environment, with 7 
restricted spatial-scales, comparatively uniform substrates and controlled 8 
environmental conditions. The controlled conditions often used in laboratory studies 9 
for investigating basic predator-prey interactions are in fact more representative of 10 
the controlled environment in mass-rearing systems than of the fluctuating conditions 11 
in the natural environment or in protected crops. Similarly, the biotic factors are 12 
simplified compared with the natural environment as the rearing units normally 13 
involve only one predator and one prey (Navasero & Corpuz-Raros 2005; Bolckmans 14 
& van Houten 2006; Simoni et al. 2006; Fidgett et al. 2010; Smytheman 2011) with 15 
no influence from intra-guild predation, interspecific competition or alternative food 16 
sources. Nevertheless, the predator-prey interactions in a simple environment can be 17 
complex and depend on predator voracity to a specific prey, predator and prey 18 
densities and ratio, population growth rates, population age structure and prey 19 
defences (Beddington et al. 1976; Hassell et al. 1976; Arditi & Ginzburg 1989; 20 
Bakker & Sabelis 1989; Whitman et al. 1990; Crawley 1992; Janssen & Sabelis 21 
1992; Holt & Lawton 1994; Heethoff et al. 2011; de Almeida & Janssen 2013; van 22 
Maanen et al. 2015).  23 
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Phytoseiids and their factitious prey in particular, offer an interesting topic of study 1 
as these species originate from different habitats and have not co-evolved but are 2 
factitiously placed together in mass-rearing systems and breeding sachets. 3 
Underlying ecological parameters between a predator and its prey are best studied 4 
individually in order to provide a baseline understanding of their complex dynamics. 5 
Studying the basic interactions is an important step to understanding the more 6 
complex ones (Holling 1959b). These basic interactions may include the preference 7 
of a predator to different life stages of a prey, the capture success of these life stages 8 
and, the functional and numerical response of the predator to the prey. 9 
A predator’s preference to different prey, or life stages of the same prey, provides 10 
important information about feeding habits that can influence the prey dynamics 11 
(Manly et al. 1972) and is essential to the understanding of the predator-prey 12 
interactions in the factitious system and how prey age distribution can influence 13 
population dynamics. 14 
The functional response investigates the attack rate, or prey consumption, of a 15 
predator at different prey densities (Solomon 1949; Holling 1959a). The functional 16 
response is typically exhibited as one of three types: Type I – the attack rate is 17 
directly proportional to the prey density and increases linearly at a constant rate with 18 
no foreseeable upper limit; Type II – the attack rate increases with increasing prey 19 
density until reaching a threshold forming an asymptotic curve, and; Type III – the 20 
predator’s attack rate is reduced, or absent, at low prey densities but increases 21 
abruptly at a set density until reaching an upper threshold forming a sigmoid curve 22 
(Holling 1959a). The less common Type IV functional response forms a dome 23 
shaped curve where the attack rate decreases at high prey densities (Crawley 1992). 24 
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The numerical response examines the potential predator population increase and can 1 
be measured by egg deposition rate at different prey densities (Holling 1959a). 2 
Increased numerical response and a relatively high initial predator-prey ratio can 3 
lower the prey population equilibrium (Murdoch et al. 1987; Nomikou et al. 2002) 4 
which may be important to control the prey density and avoid overcrowding in a 5 
factitious system.  6 
Several other factors will influence the internal population dynamics and therefore 7 
the overall productivity of the predator in a factitious system. These include the 8 
spatial complexity of the carrier medium, quality and quantity of the food source for 9 
the prey, predator and prey densities and interference of conspecifics. The aim of this 10 
study was to investigate the basic predator-prey interactions between A. swirskii and 11 
S. medanensis, with focus on the predator response to different life stages of the prey, 12 
as a first step to understanding the internal dynamics in a factitious system. The 13 
hypotheses tested were to examine whether A. swirskii exhibits a preference to any of 14 
three different life stages of S. medanensis, comparing the capture success of A. 15 
swirskii among these prey stages and investigating the response of A. swirskii to 16 
different densities of the respective prey stages in terms of predation rate and 17 
oviposition rate. 18 
4.2 Materials & Methods 19 
4.2.1 Prey preference 20 
To determine the preference of A. swirskii to different life stages of S. medanensis, 21 
an individual gravid A. swirskii was placed on each 18 mm diameter leaf disc 22 
together with 30 individuals of each of two life stages of the prey mite. The two prey 23 
life stages that were compared in each of three experiments were: (1) adults and 24 
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eggs; (2) adults and protonymphs and; (3) protonymphs and eggs (n = 15). Adult S. 1 
medanensis were starved for 24 h prior to the experiment to avoid oviposition during 2 
the experiment. The number of each prey stage consumed was recorded after 24 h. 3 
Prey consumption was determined by counting the number of adult and protonymph 4 
cadavers present. Egg predation was determined by subtracting eggs remaining at the 5 
end of the experiment from the initial egg count. 6 
4.2.2 Functional and numerical response 7 
One gravid A. swirskii was placed on each 18 mm diameter leaf disc with a fixed 8 
density of one of the three life stages of S. medanensis. The densities of the three 9 
different life stages of the prey mite are summarised in Table 4.1 (n = 15). Adult S. 10 
medanensis were starved for 24 h to avoid oviposition during the subsequent 11 
experiment. After 24 h, the A. swirskii were transferred to new leaf discs with 12 
restored food levels for a further 24 h. The number of prey consumed and number of 13 
eggs deposited during each of the 24 h periods were recorded. The first 24 h period 14 
was used for acclimatisation to the given prey levels and only data from the second 15 
24 h period were used for the analysis to reduce influence of pre-experimental 16 
conditions (Castagnoli & Simoni 1999). 17 
Table 4.1 Functional response prey densities 18 
The density of the different Suidasia medanensis life stages used in the functional 19 
and numerical response study. 20 
Prey life stage Prey densities 
Eggs 10 20 30 40 60 100 
Protonymphs 5 10 15 25 40 80 
Adults 1 3 6 10 15 30 
 21 
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4.2.3 Capture success ratio 1 
The capture success ratio (CSR) study was conducted using gravid A. swirskii held 2 
individually for 24 h in empty 50 mm diameter Petri dishes with no food source due 3 
to the increased predator efficiency of starved phytoseiids (Bakker & Sabelis 1986). 4 
The starved predators were transferred to 18 mm diameter leaf discs containing 20 5 
adults, 20 protonymphs, 40 eggs of S. medanensis or 20 adults killed by freezing (n = 6 
20). The predator was observed until it had made a successful attack (Bakker & 7 
Sabelis 1989) or until 12 min had passed. The observation time was determined 8 
according to the recommendations of Badii & McMurtry (1984) who reported that 9 
feeding of starved phytoseiids took place within the first 12 min of observation.  10 
The number of unsuccessful attack attempts and successful attacks were recorded. 11 
Unsuccessful attack was defined by pedipalps touching the prey resulting in sudden 12 
recoil of the predator. Successful attack was defined by prey movements seizing and 13 
observed predator feeding resulting in the death of the prey. Predators that did not 14 
attempt any attacks in 12 min were excluded and replaced (n = 2). 15 
4.2.4 Data analysis 16 
Prey preference was calculated using Manly’s preference index (Manly 1974) 17 
 =
()
 !" + ()
 
where βi is the preference index for prey type i, r is the remaining number of each 18 
prey type (i and ii) at the end of the experiment and, N is the initial number of prey 19 
offered at the beginning of the experiment. The index takes a value between 0 and 1 20 
where a value of 0.5 indicates no preference, a value close to 1 gives preference to 21 
prey type i and a value close to 0 gives preference to prey type ii. Statistical 22 
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difference in proportion of each stage consumed was calculated by GLM analysis 1 
with binomial errors, as described in section 2.6 of Chapter 2.  2 
The Type of functional response curve that provided a best fit for the data was 3 
determined by cubic polynomial logistic regression (Trexler et al. 1988; Juliano 4 
2001) in R 5 
$
$ =
exp(( +()$ +(*$* +(+$+)
1 + exp(( +()$ +(*$* +(+$+)
 
where N is the number of prey attacked, N0 is the initial prey density and P0, P1, P2 6 
and P3 are parameters to be estimated. Parameters were estimated by ordered factor 7 
binomial GLM (Crawley 2007). If the cubic term was non-significant the equation 8 
was reduced to quadratic regression by eliminating the cubic term (Juliano 2001). A 9 
Type I response is manifested where the intercept (P0) and the linear term (P1) are > 10 
0, for a Type II response the linear term is < 0 and, for a Type III response the linear 11 
term is > 0 and the quadratic term (P2) is < 0. 12 
The parameters of the functional response were calculated and plotted using the 13 
random predator equation, which compensates for prey depletion (Rogers 1972) 14 
$ = $(1 − 
-(./)) 
where T is the unit of time during the experiment (1 day), a is the attack rate 15 
coefficient and, h is the predator handling time coefficient. The equation was 16 
modified according to Bolker (2012) to fit the Lambert W function in the ‘emdbook’ 17 
package in R statistics. Coefficients were estimated using maximum likelihood 18 
estimation in the ‘bbmle’ package. 19 
$ = $ −
0(1ℎ$
-(.3/))
1ℎ  
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where W represents the Lambert W function. Parameters were compared for 1 
significant difference using the indicator variable approach described by Juliano 2 
(2001)  3 
0 = $ −$
5(-6789)(/67:9).; − $ 
where j is an indicator variable taking the value of 0 and 1 for prey type 1 and 2, 4 
respectively, and parameters Da and Dh estimate differences in the values of a and h, 5 
respectively. The function was fitted using nonlinear least squares, nls, in R. 6 
The numerical response was calculated in R using a hyperbolic model, as described 7 
by Carrillo & Peña (2012) 8 
< = 1=> + = 
where y is the oviposition rate, x is the prey density, a is the maximum oviposition 9 
and, b is the prey density required for half the maximum numerical response. 10 
Significant difference in count data was calculated by GLM analysis with Poisson 11 
errors, as outlined in section 2.6 in Chapter 2. 12 
The CSR was calculated as the proportion of attempted attacks that resulted in prey 13 
death (Bakker & Sabelis 1986). Proportion data was calculated by GLM analysis 14 
with binomial errors. 15 
4.3 Results 16 
4.3.1 Prey preference 17 
Amblyseius swirskii exhibited a significant preference to S. medanensis eggs over 18 
protonymphs (t = 8.35, p < 0.001) and adults (t = 7.15, p < 0.001) and, to 19 
protonymphs over adults (t = 8.30, p < 0.001) (Figure 4.1). 20 
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 1 
Figure 4.1 Prey preference 2 
Manly’s prey preference index with standard error bars of Amblyseius swirskii 3 
offered different life stages of Suidasia medanensis (n = 15). A value close to 1.0 4 
indicates preference to the younger stage of the two stages offered, a value of 0.5 5 
indicates no preference. Error bars represent standard error of the mean. Derivative 6 
reproduction of figure from Carrillo & Peña (2012).  7 
4.3.2 Functional and numerical response 8 
Amblyseius swirskii feeding on adults, protonymphs and eggs of S. medanensis 9 
exhibited a Type II functional response revealed by a negative linear term (Table 10 
4.2). The cubic polynomial logistic regression was reduced to quadratic polynomial 11 
logistic regression for adults and eggs of S. medanensis due to non-significant cubic 12 
terms.  13 
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Table 4.2 Logistic regression parameter estimates 1 
Parameter estimates (± S.E.) from the cubic polynomial logistic regression for the 2 
functional response of Amblyseius swirskii to different life stages of Suidasia 3 
medanensis. 4 
Parameters Adults Protonymphs Eggs 
Intercept (P0) 1.002 (±0.367) 1.528 (±0.113) 1.822 (±0.179) 
Linear term (P1) -1.961 (±0.747) -0.395 (±0.241) -0.532 (±0.310) 
Quadratic term (P2) 0.612 (±0.499) -0.283 (±0.225) -0.505 (±0.310) 
Cubic term (P3) - -0.491 (±0.208) - 
 5 
Prey consumption increased rapidly as prey availability increased until a threshold 6 
was reached (Figure 4.2). On average, the observed maximum predation rate was 7 
4.00 ± 0.31 (S.E.) adults, 24.00 ± 0.83 protonymphs or 30.87 ± 0.86 eggs of S. 8 
medanensis over a 24 h period. The quantity of adult prey consumed was 9 
significantly lower than protonymphs (z = 12.85, p < 0.001) and eggs (z = 14.89, p < 10 
0.001) and, the quantity of eggs consumed was significantly higher than the quantity 11 
of protonymphs (z = 3.58, p < 0.01). 12 
The attack rate coefficient (a) was significantly higher for eggs than adults (t = 13 
11.28, p < 0.001) and protonymphs (t = 10.98, p < 0.001), and significantly higher 14 
for protonymphs than adults (t = 8.91, p < 0.001). The handling time estimate (h) for 15 
eggs of S. medanensis was significantly lower than for adults (t = 3.07, p < 0.01) and 16 
protonymphs (t = 2.97, p < 0.01) (Table 4.3). There was no significant difference in 17 
the handling time of A. swirskii for prey adults and protonymphs (t = 0.53, p = 0.60). 18 
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Table 4.3 Functional response parameter estimates 1 
Parameter estimates (± S.E.) from the functional response of Amblyseius swirskii to 2 
different stages of Suidasia medanensis using Roger’s random predator equation. 3 
Different letters following the parameter estimates indicate significant difference 4 
according to the indicator variable function (p < 0.05). 5 
Prey  a h 1/h r2 P value 
Adults 2.16 (±0.542)A 0.2353 (±0.023)a 4.24 0.66 <0.001 
Nymphs 2.89 (±0.203)B 0.0329 (±0.001)a 30.40 0.89 <0.001 
Eggs 3.84 (±0.282)C 0.0271 (±0.001)b 36.90 0.85 <0.001 
a = attack rate coefficient, h = handling time coefficient, 1/h = theoretical maximum 6 
predation rate and, r2 = coefficient of determination 7 
The oviposition rate increased with prey density for adults, protonymphs and eggs of 8 
S. medanensis (Figure 4.3) reaching maximum average oviposition rates of 1.93 ± 9 
0.15, 2.40 ± 0.16 and 2.47 ± 0.13, respectively, but with no significant difference 10 
between the three diets. Parameter estimates are summarised in Table 4.4. 11 
Table 4.4 Numerical response parameter estimates 12 
Parameter estimates (± S.E.) from the numerical response of Amblyseius swirskii to 13 
different stages of Suidasia medanensis using the hyperbolic model (n = 15). 14 
Prey  a b P value 
Adults 2.05 (±0.16) 2.60 (±0.79) <0.01 
Nymphs 2.81 (±0.19) 8.66 (±2.01) <0.001 
Eggs 3.01 (±0.23) 17.02 (±4.24) <0.001 
a = theoretical maximum oviposition rate and, b = prey density achieving half the 15 
maximum oviposition rate 16 
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1 
2 
 3 
Figure 4.2 A-C Functional response curves 4 
Functional response curves of Amblyseius swirskii to Suidasia medanensis adults 5 
(A), protonymphs (B) and eggs (C) fitted with Roger’s random predator equation (n 6 
= 15). Error bars indicate standard error of the mean.  7 
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1 
2 
 3 
Figure 4.3 A-C Numerical response curves 4 
Numerical response curves (eggs per day) of Amblyseius swirskii to Suidasia 5 
medanensis adults (A), protonymphs (B) and eggs (C) fitted with the hyperbolic 6 
model (n = 15). Error bars indicate standard error of the mean. 7 
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4.3.3 Capture success ratio 1 
Amblyseius swirskii was observed to attack and kill all of the stages of S. medanensis 2 
offered in this experiment (Figure B1, Appendix B), but there were significant 3 
differences in the success rates. The ratio of successful attacks to attempted attacks 4 
of A. swirskii was significantly higher on S. medanensis eggs than protonymphs (z = 5 
3.57, p < 0.01) and adults (z = 5.17, p < 0.001) and, significantly higher on 6 
protonymphs than adults (z = 4.25, p < 0.001) (Figure 4.4). There was no significant 7 
difference between eggs and freeze-killed adults. The CSR of freeze-killed adults 8 
was significantly higher than live protonymphs (z = 3.31, p < 0.01) and adults (z = 9 
6.49, p < 0.001).  10 
 11 
Figure 4.4 Capture success ratio 12 
Capture success ratio of gravid Amblyseius swirskii on a diet of adults, protonymphs, 13 
eggs and freeze-killed adults of Suidasia medanensis (n = 20). Different letters 14 
indicate significant difference in proportion of successful attacks to attempted attacks 15 
(p < 0.05). 16 
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The number of A. swirskii that did not attempt any attacks during the 12 min of the 1 
experiment was 1 for the S. medanensis egg stage and 1 for the freeze-killed adults. 2 
These were excluded from the data analysis. 3 
4.4 Discussion 4 
Amblyseius swirskii attacked and consumed all three life stages of S. medanensis 5 
offered in the present experiments. There was a strong preference for younger stages 6 
of the prey, particularly the eggs, but A. swirskii also attacked a small number of 7 
adults. In comparison with the target pests, A. swirskii is reported to exhibit a 8 
preference for eggs and first instar nymphs of B. tabaci, with occasional attacks on 9 
second instars (Nomikou et al. 2004), whereas later instars and adults are not 10 
attacked due to their larger size. Similarly, A. swirskii will attack the first instar 11 
nymphs of thrips but not the second instar and adult stages due to their vigorous 12 
defence behaviours (Wimmer et al. 2008; Arthurs et al. 2009), whereas thrips pupae 13 
in the top soil are out of reach for the phyllosphere dwelling phytoseiids (Malais & 14 
Ravensberg 2003).  15 
Prey life stages that are not predated on, be it due to size, defence or cryptic location, 16 
can be considered as ‘invulnerable age classes’ (Murdoch et al. 1987). Prey with an 17 
invulnerable age class and overlapping generations are less likely to be locally 18 
eradicated by a predator due to the predator’s inability to target one or more life 19 
stages of the prey (Murdoch et al. 1987). Since local eradication is unlikely, a 20 
confined predator–prey equilibrium can theoretically be reached (Murdoch et al. 21 
1987; Janssen & Sabelis 1992), but in a complex crop situation an extended 22 
coexistence is more likely than a stable equilibrium. As A. swirskii was able to attack 23 
adult S. medanensis these cannot be classified as an invulnerable age class. The 24 
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strong preference to younger stages may, however, allow a prolonged coexistence of 1 
A. swirskii and S. medanensis due to few successful attacks on older stages whilst 2 
prey eggs and nymphs are present.  3 
In the present study, A. swirskii exhibited a Type II functional response to all three 4 
life stages of S. medanensis, with prey consumption rising steadily with increasing 5 
prey density. At higher prey densities, the proportion of prey being attacked 6 
decreased. Predation reached an upper limit in each set of the prey stages, probably 7 
restricted by predator satiation (Holling 1959a) rather than time constraint due to the 8 
observed maximum predation rate being lower than the theoretical maximum 9 
predation rate (estimated according to the handling time). Type II functional 10 
response is the most common trait in phytoseiids (Sabelis 1985) and has been 11 
reported for A. swirskii to A. lycopersici (Park et al. 2010), Tetranychus cinnabarinus 12 
Boisduval (Acari: Tetranychidae) (Wang et al. 2011) and T. urticae (Xiao et al. 13 
2013). Furthermore, Fouly et al. (2011) reported increased prey consumption of B. 14 
tabaci eggs with higher prey densities when A. swirskii was offered three different 15 
densities of prey. 16 
The Type II functional response is considered to be efficient at controlling low levels 17 
of pests due to their high predation rates at low densities, whereas the proportion 18 
consumed reduces at higher densities due to satiation of the predator (Park et al. 19 
2010; Carrillo & Peña 2012). A Type II functional response is an important trait for a 20 
sustained predator–prey population in a factitious system as overexploitation of the 21 
prey does not occur due to the upper limit of the predation rate. A Type I functional 22 
response with a linear relationship of the attack rate to prey density can result in 23 
rapid prey depletion as prey are continuously attacked beyond satiation. Amblyseius 24 
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swirskii have been reported to kill more prey than required for maximum oviposition 1 
rate as a response to anti-predator behaviour by thrips (de Almeida & Janssen 2013). 2 
Similarly, Amblysius (= Iphiseius) degenerans (Berlese) will kill more prey than 3 
required for maximum oviposition rate at high prey densities (Eveleigh & Chant 4 
1982). Furthermore, the predator population increase through the numerical response 5 
may increase the plateau of a Type II functional response over time on a population 6 
level (Messelink et al. 2008), although in a breeding sachet this will also depend on 7 
the rate of dispersal from the sachet system. 8 
Significantly more prey eggs were consumed than protonymphs, which may be 9 
explained by the size difference of the prey unit and the inability of an egg to exhibit 10 
any defence, as indicated by the lower estimated handling time. The observed 11 
maximum predation of eggs and protonymphs was significantly higher than for adult 12 
S. medanensis; a combined result of increased prey handling time and the larger 13 
quantity of food available per adult prey unit. Random predator–prey encounters are 14 
expected to be proportional to prey density (Arditi & Ginzburg 1989) with a higher 15 
detection rate of a larger prey item. In the present case however, the increased 16 
handling time and lower attack rate of adult S. medanensis could be due to a defence 17 
response (see Chapter 5) resulting in an increase in the time taken to attack and kill 18 
the larger prey with more failed attacks. 19 
The attack rate, also known as the instantaneous rate of discovery, estimates the 20 
searching efficiency of the predator according to how many prey are discovered and 21 
killed at specific densities in a unit of time (Holling 1959b). The attack rate dictates 22 
the initial slope of the functional response curve (Arditi & Ginzburg 1989) and in the 23 
present study indicates that a large proportion of prey was attacked at low prey 24 
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densities. Good rates of predation at low prey densities can contribute to the 1 
elasticity of a factitious system as predation endures despite low levels of prey. 2 
Consequently, short periods of sub-optimal prey density in the system may not 3 
necessarily have a detrimental effect on the predator population in terms of starvation 4 
and cannibalism. Although the more complex architecture of the substrates used in 5 
factitious systems are likely to result in a lower rate of discovery for the predator 6 
than the simple arena used in this study, the basic principle is the same. Food 7 
availability can however, affect the sex ratio with low prey levels resulting in a male 8 
biased population due to the lower prey requirements of males to complete 9 
development (Eveleigh & Chant 1982; Walzer & Schausberger 2011). 10 
Oviposition rates are closely linked to prey consumption with a high conversion rate 11 
of prey biomass into predator eggs (Sabelis 1981). In the present study, egg 12 
deposition corresponded to prey consumption with increased egg-laying for A. 13 
swirskii at higher prey densities of all three life stages of S. medanensis. Increased 14 
egg deposition with increasing prey density has been reported in literature for A. 15 
swirskii feeding on A. lycopersici (Park et al. 2010) and B. tabaci (Fouly et al. 2011). 16 
The shorter handling time and higher oviposition rates on S. medanensis eggs and 17 
protonymphs indicated that a prey population with a high proportion of eggs and 18 
nymphs may be more suitable for A. swirskii. The average observed maximum 19 
numerical response of 2.47 eggs/female in 24 h at peak oviposition on a diet of S. 20 
medanensis eggs was similar to that of A. swirskii on A. lycopersici, as reported by 21 
Park et al. (2010). The theoretical maximum numerical response, according to 22 
parameter estimations (Table 4.4), was similar to the highest oviposition rate 23 
observed by individual A. swirskii. 24 
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Maximum prey consumption and consequently maximum numerical response were 1 
invariably achieved at higher prey densities of eggs and protonymphs. It can 2 
therefore be assumed that higher prey levels will improve population growth as 3 
surplus food shortens development time and increases egg production (Fouly et al. 4 
2011). Too high prey levels however, can result in crowding and interspecific 5 
interference with negative effects on the predator leading to reduced feeding and 6 
oviposition (Hassell et al. 1976; Crawley 1992; Fouly et al. 2011). For A. swirskii, 7 
reduced predation rates have been reported at high prey densities of O. mangiferus 8 
but oviposition rates were not affected by this (Abou-Awad et al. 2011). 9 
The predator rate of increase, the initial predator–prey ratio and the predator attack 10 
rate are essential for a functioning predator–prey balance (Janssen & Sabelis 1992; 11 
Holt & Lawton 1994). Prey exclusion, or local extinction, can take place if the 12 
predator–prey ratio and prey intrinsic rate of increase are low compared with the 13 
predator attack rate (Holt & Lawton 1994). In a mass-rearing system prey exclusion 14 
can be rectified by adding more prey, whereas in a breeding sachet it is important to 15 
consider the initial predator-prey ratio to ensure prolonged productivity (Janssen & 16 
Sabelis 1992; Sampson 1998; Jacobson et al. 2001b). Similarly, high prey levels in 17 
rearing units can be rectified during the weekly division of the culture, whereas in 18 
breeding sachets this is governed by the prey level at set-up and the effect of external 19 
conditions (see Chapter 7). When optimising prey levels for breeding sachets, 20 
predator dispersal rate and the effect of a more complex internal architecture of a 21 
factitious system compared to a leaf disc must be taken into account.  22 
The CSR study was conducted to provide further understanding to the predator–prey 23 
interactions occurring between A. swirskii and the different life stages of S. 24 
102 
 
medanensis. Random predator search behaviour was observed in the CSR study with 1 
no indication of searching cues of A. swirskii to S. medanensis. The predator was 2 
observed passing prey items and only stopping to investigate if the tarsi of the 3 
anterior legs touched the prey. This is in accordance with Sabelis (1981) who 4 
reported that phytoseiids adapt a random searching strategy within a prey patch. Only 5 
attacks attempted around the coxae and gnathosoma were observed to be successful. 6 
When offered the freeze-killed S. medanensis, it was clear that A. swirskii were  7 
unable to penetrate the cuticle of the idiosoma and feeding only took place at the 8 
coxae and gnathosoma of the prey. Unsuccessful attacks, especially of adult prey, 9 
often resulted in a sudden retreat, or recoil, of the predator without any apparent 10 
defence behaviour from the prey observed. This suggests that, particularly adult, S. 11 
medanensis may release a defence volatile when attacked (see Chapter 5). Prey eggs 12 
and freeze-killed adults did not generate such a response. 13 
The present study demonstrated a significantly higher success of A. swirskii 14 
capturing younger stages of S. medanensis compared with adult prey, possibly due to 15 
a cryptic defence mechanism as capture success is typically reduced when the prey 16 
resist attack (Holt & Lawton 1994). Similarly, Bakker & Sabelis (1989) reported that 17 
N. cucumeris and N. barkeri had a significantly higher success ratio attacking first 18 
instar thrips compared with second instars due to the vigorous defence behaviour of 19 
second instar thrips. This may explain the considerably higher handling time of adult 20 
prey compared with nymphs, and consequently significantly lower attack rate, as 21 
adult S. medanensis are more likely to ward off an attack.  22 
In the same way, the results of the prey preference study may be a product of capture 23 
success rather than a strict preference. Random movements within a prey patch is 24 
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considered to be the most common search behaviour in phytoseiids (Sabelis 1981; 1 
Berry & Holtzer 1990) and A. swirskii has been reported to attack the first prey 2 
encountered (Buitenhuis et al. 2010b), as also observed in the present study. If the 3 
random search behaviour of A. swirskii results in an equal number of encounters of 4 
each prey life stage (per unit of time), the prey stage of which the predator has the 5 
highest capture success is likely to lose most individuals to predation. Adult A. 6 
swirskii will attempt to attack adult S. medanensis, possibly with increased likelihood 7 
of encountering and detecting the larger adult prey (Arditi & Ginzburg 1989), but 8 
with a lower capture success compared with younger prey stages resulting in more 9 
prey eggs and nymphs succumbing to successful attacks, hence appearing as a 10 
preferred prey stage.  11 
The CSR study suggests that prey age distribution may have an important effect on 12 
the predators and it is possible that the predator response will be different when 13 
offered prey dominated by younger stages compared to prey dominated by adult 14 
stages. The increased energy input of handling larger prey with more vigorous 15 
defence behaviours may exhaust, or even harm, a predator (Raspotnig 2006; 16 
Buitenhuis et al. 2010b; Heethoff et al. 2011). This could possibly result in reduced 17 
longevity and be a contributing factor in the shorter adult lifespan of A. swirskii on a 18 
diet of S. medanensis presented in the life table study (Chapter 3). Nymphs of A. 19 
swirskii however, may not be able to attack adult prey due to their size but in a 20 
population of mixed life stages nymphs may feed on larger prey items killed by adult 21 
predators (Cloutier & Johnson 1993), thus evading the defence mechanism of adult 22 
prey.  23 
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The high juvenile survival of A. swirskii on a diet of S. medanensis supports the 1 
theory that A. swirskii nymphs evade this defence strategy by not attacking the larger 2 
prey stages as vigorous defence of prey can disrupt predator development 3 
(Buitenhuis et al. 2010b). The improved CSR of freeze-killed adult S. medanensis 4 
suggests that there is a true defence behaviour in live adults and this may be due to 5 
defence volatiles, as no clear defence action was observed. Leal et al. (1989) studied 6 
the alarm pheromone of S. medanensis and discovered that neral and geranial were 7 
major components released when disturbed. Neral has been reported to have 8 
allomonal activity causing prey avoidance and at repeated exposure may harm a 9 
predator (Raspotnig 2006; Heethoff et al. 2011) which may explain the observed 10 
predator recoil. If the shortened longevity is due to repeat-exposure to such a defence 11 
mechanism there is no reason to assume that this issue will persist on the crop when 12 
encountering different prey. 13 
In conclusion, although factitious systems are complex with multiple factors 14 
affecting the population dynamics, the basic ecological principles of prey preference, 15 
the functional and numerical response and prey capture success can provide the first 16 
steps in understanding the internal dynamics. The nature of the predator-prey 17 
interactions between A. swirskii and S. medanensis identified here explains, in part, 18 
the traits required for a factitious system to sustain a balanced population with good 19 
productivity. The strong preference and higher capture success on egg and juvenile 20 
prey stages ensure that the reproductive stages of the prey are allowed to remain and 21 
oviposit providing further preferred life stages to the predator and supporting a 22 
balanced and prolonged predator-prey coexistence. A good numerical response and 23 
Type II functional response indicating high predation rates at low prey densities and 24 
a maximum predation rate avoiding overexploitation of the prey are features 25 
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beneficial for a long-term stable and productive system. The internal architecture of 1 
the carrier medium and how it affects predator searching efficiency, predator and 2 
prey rates of population increase, dispersal rates and interactions with conspecifics at 3 
high densities will have a considerable influence on the predator-prey dynamics and 4 
should be the focus of further studies in order to fully understand these systems. The 5 
potential volatile defence mechanism of S. medanensis is studied in depth in Chapter 6 
5. 7 
  8 
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Chapter 5 Volatile Defence of Suidasia medanensis 1 
5.1 Introduction 2 
Antipredator behaviour is common among prey in response to chemical cues from 3 
predators and conspecifics, or triggered by direct encounters with predators (Bakker 4 
& Sabelis 1989; de Bruijn et al. 2006; Buitenhuis et al. 2010b; Heethoff et al. 2011; 5 
van Maanen et al. 2015). The antipredator response may be exhibited as fleeing and 6 
seeking refuge from the predator, alerting conspecifics and defensive responses by 7 
physical or chemical means (de Bruijn et al. 2006; Buitenhuis et al. 2010b; Heethoff 8 
et al. 2011; van Maanen et al. 2015). In the case of the target pests of A. swirskii, 9 
whitefly eggs and nymphs elicit no known antipredator behaviour (van Maanen et al. 10 
2015) whereas thrips respond to attacks both by physical means such as swinging 11 
their abdomen at the predator and chemical means by secreting an alarm pheromone 12 
(Bakker & Sabelis 1989; de Bruijn et al. 2006; Wimmer et al. 2008; Buitenhuis et al. 13 
2010b; van Maanen et al. 2015).  14 
Similarly to thrips, some species of mites may elicit a semiochemical response to 15 
predator encounters by alerting conspecifics with an alarm pheromone or 16 
counteracting the predator with a defence volatile, also known as an allomone 17 
(Nordlund & Lewis 1976). Following the discovery of an alarm pheromone in T. 18 
putrescentiae (Kuwahara et al. 1975), volatile compounds have been extracted and 19 
studied from several species of mites in the suborder Astigmata, which are 20 
commonly used as factitious prey for the mass-rearing of phytoseiid predators. 21 
Thirteen compounds indicating alarm pheromonal responses have been identified 22 
from 20 species of astigmatid mites (Kuwahara 2004). The two most common 23 
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compounds with alarm pheromonal activity in astigmatid mites are the monoterpene 1 
aldehydes: neryl formate and neral (Kuwahara 2004). 2 
The semiochemicals of astigmatid mites are produced in a single pair of ophistonotal 3 
glands (Kuwahara 2010), which may contain single or multiple compounds 4 
(Nishimura et al. 2002; Kuwahara 2004; Raspotnig 2006). Irrespective of whether a 5 
semiochemical is composed of single or multiple components they may elicit 6 
different behavioural responses from a receiver depending on the physiological state 7 
of the receiver and the dose emitted. Thus, an alarm pheromone may also act as an 8 
allomone, deterring a potential predator or intruder, which can act to mitigate the 9 
impact of an attack or disturbance (Whitman et al. 1990). Allomonal properties of 10 
the alarm pheromone components of oribatid mites, a group closely related to 11 
astigmatid mites, have been reported. Raspotnig (2006) found a repellent effect of all 12 
six alarm pheromone components, including neral, geranial and neryl formate, of the 13 
oribatid mite Collohmannia gigantea Sellnick (Acari: Oribatida) to the predatory 14 
beetle Euconnus (= Tetramelus) oblongus (Sturm) (Coleoptera: Scydmaenidae). 15 
Similarly, Heethoff et al. (2011) gave an insightful account of the predatory beetles 16 
Stenus juno Paykull (Coleoptera: Staphylinidae) and Stenus clavicornis Scopoli 17 
attacking the oribatid mite Archegozetes longisetosus Aoki (Acari: 18 
Trhypochthoniidae). The authors reported increased capture success by the predators 19 
on mites that had been treated with hexane to remove their alarm pheromones 20 
compared with a control group, indicating the defensive properties of these volatiles. 21 
In studying the alarm pheromone of S. medanensis, Leal et al. (1989) isolated the cis- 22 
and trans-isomers neral and geranial, 3,7-dimethyl-(Z)-2,6-octadienal and 3,7-23 
dimethyl-(E)-2,6-octadienal, respectively, from disturbed colonies of the mite. 24 
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Through bioassays they established that neral and geranial were both behaviourally 1 
active and elicited an alarm pheromone response from S. medanensis, with a 2 
response to neral detected at a 10-fold lower concentration than geranial. During prey 3 
capture success studies of A. swirskii to S. medanensis in Chapter 4 a sudden retreat, 4 
or recoil, of the predator from adult prey was observed without any apparent physical 5 
defence deployed by S. medanensis. This recoil behaviour was not observed when A. 6 
swirskii were presented with freeze-killed adult S. medanensis suggesting that a 7 
potential defence volatile might have been involved. Similarly, Fidgett et al. (2010) 8 
mentioned observations of A. swirskii recoiling from adults of the astigmatid mite T. 9 
putrescentiae, and suggested the involvement of a possible volatile defence 10 
mechanism. 11 
Phytoseiid mites are known to respond to volatile attractants and deterrents of plants 12 
and arthropods (Sabelis & van de Baan 1983; Dicke et al. 1990; Rasmy et al. 1991; 13 
Janssen et al. 1997; Shimoda 2010; Sznajder et al. 2011; Zhong et al. 2011) with 14 
some studies reporting defence properties of volatiles from phytophagous insects and 15 
mites. Rasmy et al. (1991) reported allomonal activity of volatiles from Brevipalpus 16 
pulcher (Canestrini & Fanzago) (Acari: Tenuipalpidae) and E. dioscoridis to P. 17 
persimilis. The alarm pheromone of F. occidentalis has been shown to deter the 18 
phytoseiid Iphiseius degenerans (Berlese) from ovipositing near a F. occidentalis 19 
population (Faraji et al. 2001). 20 
The aim of the current study was to investigate the hypothesis of a defence volatile 21 
being responsible for the cryptic defence mechanism of S. medanensis to A. swirskii, 22 
as reported in Chapter 4. The specific objectives were: 1) to confirm the presence and 23 
quantify the persistence of the reported alarm pheromones, neral and geranial, 24 
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produced by S. medanensis in an enclosed environment, and; 2) to investigate the 1 
defensive behavioural responses from A. swirskii elicited by the natural volatiles and 2 
synthetic equivalents through behavioural studies. This is the first report of an 3 
astigmatid defence volatile to a phytoseiid mite and the starting point of 4 
understanding semiochemical interactions in any current or novel factitious mass-5 
rearing systems. 6 
5.2 Materials & Methods 7 
5.2.1 Suidasia medanensis volatile entrainment 8 
In order to identify and quantify the volatiles of S. medanensis colonies and their 9 
persistence after disturbance, conical flasks (250 ml) containing S. medanensis in 30 10 
g of culture medium were sealed and left for a 24 h equilibration period at 25oC, 70% 11 
RH. Volatiles from headspace samples (n = 3) were collected onto Tenax filters (200 12 
mg, 35-60 mesh), contained in stainless steel tubes, taken from undisturbed S. 13 
medanensis cultures by drawing headspace (100 ml) through the filter using a 14 
volumetric pump (Dräger accuro). Samples were also collected from within the 15 
culture medium, to compare the persistence of volatiles in the headspace with that of 16 
the medium in which the mites inhabit, by gently inserting Tenax tubes into the 17 
medium from a different set of flasks (n = 3). The tubes were covered with 54 µm 18 
muslin mesh to avoid mites entering the tube. Flasks containing culture medium 19 
devoid of mites were used as controls. 20 
The remaining flasks were agitated vigorously for 30 s to stimulate mites to release 21 
the volatiles. Samples were then collected from the headspace and within the culture 22 
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medium as described above, 1 min, 30 min, 90 min, and 180 min after disturbing the 1 
cultures (n = 3).  2 
The samples were analysed on behalf of the author by Dudley Farman at the Natural 3 
Resources Institute (NRI). The specific equipment used was an Agilent 6890 gas 4 
chromatograph fitted with a DB-5 fused silica capillary column (30 m length, 0.25 5 
mm diameter, 0.25 µm film thickness, Agilent) and coupled to an Agilent 5973 mass 6 
spectrometer (GC-MS). The carrier gas was helium, at a constant flow rate of 1 7 
ml/min. The column temperature was held at 60oC for 2 min and then programmed to 8 
240oC at 6oC/min. Samples were thermally desorbed at 280oC for 5 min using a 9 
Unity Thermal Desorber (Markes International) and cyro-focused at -10°C before 10 
introduction to the GC by increasing the temperature to 280°C at 40°C/second. The 11 
MS was used in electron impact (EI) mode (70eV) with a source temperature of 12 
230°C. Compounds were identified using the National Institute of Standards and 13 
Technology Mass Spectral Database (NIST 2014), quantified and structure 14 
confirmed by comparison of retention times and EI-MS using synthetic samples 15 
(Sigma-Aldrich, ≥ 95% purity). 16 
The number of mites in each flask was estimated from five subsamples following 17 
sample extraction according to the procedures outlined in section 2.5 of Chapter 2. 18 
5.2.2 Behavioural bioassay on A. swirskii 19 
The behavioural response of A. swirskii to the volatiles of S. medanensis was studied 20 
by designing a novel bioassay. An 18 mm diameter circle was cut and removed from 21 
the centre of a filter paper (Whatman No. 1, 32 mm diameter) using a sharp cork 22 
borer. The remaining circle of filter paper (7 mm wide) was cut into four equal 23 
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quadrants and placed in a 50 mm diameter Petri dish lid with approximately 1 mm 1 
spacing between each quadrant (Figure 5.1). 2 
Serial dilutions of citral, at a 1:1 blend of neral and geranial (Sigma-Aldrich, ≥ 95% 3 
purity), in hexane (Sigma-Aldrich, ≥ 95% purity) were prepared from a stock 4 
solution of 2.5g citral in hexane making 100 ml in total (2.5 x 107 ng/ml). Dilutions 5 
were conducted alternately at 1:1 and 1:4 of the previous dilution with hexane, 6 
respectively. Aliquots (10 µl) of one of the 9 sample concentrations, containing 7 
alternately half and tenfold dilutions from 250 000 ng to 25 ng (Table 5.1) were 8 
placed onto each of three treatment quadrants and 10 µl of hexane onto the fourth 9 
control quadrant (Vet et al. 1983). Immediately after applying the treatments an 10 
individual adult female A. swirskii was placed in the centre of the arena and observed 11 
for 2 min (n = 60) due to the evaporation rate of the synthetic dilutions from the filter 12 
paper quadrants (Heethoff & Raspotnig 2012). The behaviour of the mite and final 13 
choice, i.e. walking onto a quadrant, was recorded. 14 
 15 
Figure 5.1 Repellency bioassay arena 16 
The bioassay arena showing the 7 mm wide filter paper treatment quadrants and the 17 
18 mm diameter choice circle. 18 
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Synthetic neral and geranial was used as a model blend because Raspotnig (2006) 1 
found alarm and defence behaviours elicited from the oribatid mite C. gigantea and 2 
its predator E. oblongus, respectively, to be indistinguishable compared with that 3 
elicited by the individual pheromone components.  4 
Table 5.1 Serial dilution of neral and geranial blend 5 
Serial dilution of a synthetic neral and geranial 1:1 blend in hexane starting from a 6 
stock solution of 2.5 x 107 ng/ml. 7 
Dilution factor Quantity of synthetic 
blend (ng/ml)  
Quantity of synthetic blend 
(ng) per aliquot (10 µl) 
1 2.5 x 107  250 000 
1:1 1.25 x 107  125 000 
1:4 2.5 x 106  25 000 
1:1 1.25 x 106  12 500 
1:4 2.5 x 105  2 500 
1:1 1.25 x 105  1 250 
1:4 2.5 x 104  250 
1:1 1.25 x 104  125 
1:4 2.5 x 103  25 
 8 
Mites that did not make a final choice within 2 min were only observed at 9 
concentrations of 25 000 ng of the neral and geranial blend and below, ranging from 10 
0 to 3 mites per treatment. These were excluded from the results and replaced using a 11 
new arena. Each mite, Petri dish, filter paper and sample was used only once. The 12 
quadrant used as a control was rotated between the four sections, with 15 replicates 13 
at each location, to avoid any directional bias. The experiment was conducted using 14 
mites reared on pollen (naïve predators) and on S. medanensis (experienced 15 
predators) in order to investigate whether the mites could be conditioned by previous 16 
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exposure to the volatiles. The bioassays were conducted at room temperature (21 ± 1 
1oC) and 50-60% RH under a fibre optic cold light source (Photonic PL3000, 2 
Photonic Optische Geräte GmbH, Austria). 3 
5.2.3 Prey capture success ratio study 4 
The prey capture success ratio (CSR) study was conducted according to the methods 5 
of Bakker & Sabelis (1989), as outlined in section 4.2.3 of Chapter 4. The aim was to 6 
investigate the possibility of multiple-discharge of volatiles from S. medanensis 7 
when exposed to repeated attacks from A. swirskii. The A. swirskii tested were reared 8 
either on S. medanensis or pollen (Tyhpha sp.) to represent experienced and naïve 9 
predators, respectively.  10 
The capture success ratio was conducted on prey depleted of their volatiles by 11 
hexane treatment (see section 5.2.4 below) and untreated prey in order to assess the 12 
involvement of the volatiles in prey capture success. The release of volatiles was 13 
considered to have occurred when the predator was observed to rapidly retreat, or 14 
recoil, from the prey. The number of times the predator recoiled from an individual 15 
prey prior to a successful attack on that individual was recorded and used as an 16 
indication of the number of potential volatile releases by S. medanensis that resulted 17 
in a response by A. swirskii. Each mite and leaf disc was used only once. Mites that 18 
did not attempt any attacks within the given time frame, ranging from 0 to 2 mites 19 
per experiment, were excluded and replaced. 20 
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5.2.4 Hexane treatment of S. medanensis 1 
Suidasia medanensis volatiles were removed by submerging live adults in hexane for 2 
1 min, allowing 1 h recovery before re-submerging in hexane for 1 min with a further 3 
1 h recovery, as outlined by Heethoff et al. (2011). To assess the efficiency of the 4 
hexane treatment at removing the volatiles from the ophistonotal glands hexane 5 
treated and untreated adult S. medanensis were submerged in groups of 10 into 50 µl 6 
hexane for 3 min (n = 5) allowing volatiles to be released into the solvent (Heethoff 7 
& Raspotnig 2011) and analysed by GC-MS, as described above. The internal 8 
standard used was 6-Methyl-5-heptene-2-one with 130 ng added to each sample. 9 
In order to investigate whether the hexane treatment had any detrimental effect on 10 
the mites 30 S. medanensis were transferred onto individual 25 mm diameter paper 11 
discs in Petri dishes (50 mm diameter), as outlined in section 2.1 of Chapter 2. The 12 
mites were provided with a wheat germ flake as a food source and monitored for 5 13 
days. The number of eggs deposited was counted every 24 h as a measure of fitness 14 
and compared with a control group which was treated with water. 15 
5.2.5 Data analysis 16 
The significance of the final choice in the bioassays was calculated using a chi-17 
squared test, assigning the expected value for the control quadrant a probability of 18 
0.25. Specific treatments were compared between naïve and experienced A. swirskii 19 
by grouping the results of the 15 mites tested with the control quadrant placed at each 20 
of the 4 positions giving 4 replicates of data that could be analysed by GLM with 21 
binomial errors, as described in section 2.6 of Chapter 2.  22 
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The prey capture success ratios were analysed by GLM with binomial errors, 1 
comparing proportion of successful attacks to total attack attempts between naïve and 2 
experienced predators on untreated and hexane treated prey. Egg counts of hexane 3 
treated S. medanensis was compared with the control group by applying GLM with 4 
Poisson errors to the total number of eggs deposited per mite over the 5 days. 5 
5.3 Results 6 
5.3.1 Suidasia medanensis volatile entrainment 7 
Suidasia medanensis released a large quantity of neral and geranial at a ratio of 17:1 8 
when disturbed increasing the concentration in the headspace by 560 and 50 times, 9 
respectively, comparing 1 min post-disturbance with pre-disturbance conditions of 10 
the headspace (Figure 5.2Figure 5.3). Concentrations in the culture medium were 11 
similar to the headspace with a greater proportion of neral than geranial.  12 
 13 
Figure 5.2 Quantity of neral in headspace and culture medium 14 
Mean (± S.E.) quantity of neral (ng) in 100 ml of air extracted from the headspace 15 
and culture medium of Suidasia medanensis samples (30 g) pre- and post-disturbance 16 
(n = 3) measured by GC-MS. 17 
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 1 
Figure 5.3 Quantity of geranial in headspace and culture medium 2 
Mean (± S.E.) quantity of geranial (ng) in 100 ml of air extracted from the headspace 3 
and culture medium of Suidasia medanensis samples (30 g) pre- and post-disturbance 4 
(n = 3) measured by GC-MS. 5 
Most of the neral had diffused or dissipated within 30 min of release with only 5% 6 
and 6% of the neral remaining in the headspace and culture medium, compared with 7 
the peak levels, respectively. The geranial persisted longer with 22% and 18% 8 
remaining after 30 min in the headspace and culture medium, respectively, but was 9 
reduced to 5% and 11% after 180 min. Small quantities of nerol and 2-10 
ethoxybenzaldehyde were also detected, with elevated levels 1 min post-disturbance 11 
(Figure A2.1 – A2.3, Appendix A). No neral, geranial or any other quantifiable peaks 12 
were detected from the control samples of culture medium with no mites. The mite 13 
densities in the samples were consistent, containing 270,000 to 300,000 S. 14 
medanensis per unit. 15 
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5.3.2 Behavioural bioassay on A. swirskii 1 
Significant repellent activity to the neral and geranial blend was observed at 1,250 ng 2 
of the synthetic blend and above for A. swirskii reared on either pollen or S. 3 
medanensis (Figure 5.4Figure 5.5).  4 
 5 
Figure 5.4 Repellency bioassay – naïve predators 6 
Mean (± S.E.) proportion of pollen (Typha sp.) reared Amblyseius swirskii making 7 
the control quadrant the final choice, indicating repellent effect of the neral and 8 
geranial blend at different quantities in 10 µl of hexane (n = 60). Asterisks indicate 9 
significant repellency applying a Chi-square test adjusting the expected value for 10 
final choice for the control quadrant to 0.25 (* = p < 0.05, ** = p < 0.01, *** = p < 11 
0.001, ns = not significant). The dotted line indicates the expected value of 0.25.  12 
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 1 
Figure 5.5 Repellency bioassay – experienced predators 2 
Mean (± S.E.) proportion of Amblyseius swirskii reared on Suidasia medanensis 3 
making the control quadrant the final choice, indicating repellent effect of the neral 4 
and geranial blend at different quantities in 10 µl of hexane (n = 60). Asterisks 5 
indicate significant repellency applying a Chi square test adjusting the expected 6 
value for final choice for the control quadrant to 0.25 (* = p < 0.05, ** = p < 0.01, 7 
*** = p < 0.001, ns = not significant). The dotted line indicates the expected value of 8 
0.25.  9 
At concentrations of 1,250 ng and above A. swirskii were observed to stop or 10 
suddenly change direction before reaching the treatment quadrants. More than 90% 11 
of the mites made no physical contact with quadrants treated with 12,500 ng or above 12 
but were repelled 1-2 mm before reaching the quadrant. At quantities above 25,000 13 
ng A. swirskii were observed to recoil, i.e. reverse, dragging their front legs and 14 
cleaning their mouthparts before reaching the treatment quadrant. No repellent 15 
activity was observed when A. swirskii approached the control quadrant. 16 
Quantity of neral and geranial 1:1 (ng)
Fi
n
a
l c
ho
ic
e
 
pr
o
po
rti
o
n
 
–
 
e
xp
e
rie
n
ce
d 
pr
e
da
to
rs
0.
0
0.
2
0.
4
0.
6
0.
8
1.
0
ns ns
ns
***
***
***
***
***
***
25 12
5
25
0
1 2
50
2 5
00
12
 
50
0
25
 
00
0
12
5 0
00
25
0 0
00
119 
 
There was no significant difference in the level of repellency between experienced A. 1 
swirskii reared on S. medanensis and naïve predators reared on pollen (Table 5.2).  2 
Table 5.2 Statistical comparison of naïve and experienced predators 3 
Statistical comparison between the repellency of naïve and experienced Amblyseius 4 
swirskii to different quantities of the synthetic neral and geranial blend using 5 
generalised linear models with binomial errors (n = 60), ns = not significant. 6 
Quantity of synthetic 
blend (ng) 
Z-value P-value Significance level 
25 0.213 0.831 ns 
125 -0.421 0.673 ns 
250 -0.198 0.843 ns 
1 250 0.922 0.357 ns 
2 500 -1.609 0.108 ns 
12 500 0.000 1.000 ns 
25 000 -0.823 0.410 ns 
125 000 -0.003 0.997 ns 
250 000 -0.003 0.997 ns 
 7 
5.3.3 Prey capture success ratio study 8 
The prey capture success ratio of A. swirskii on hexane treated S. medanensis adults 9 
was significantly higher than on untreated prey for experienced predators (z = -2.35, 10 
p < 0.05) and for naïve predators (z = -3.48, p < 0.01) (Figure 5.6). There was no 11 
significant difference between naïve and experienced predators on untreated (z = 12 
0.46, p = 0.97) or hexane treated (z = 0.67, p = 0.91) prey. 13 
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 1 
Figure 5.6 Capture success – untreated and hexane treated prey 2 
Capture success ratio (mean ± S.E.) of naïve and experienced Amblyseius swirskii 3 
presented with untreated Suidasia medanensis or hexane treated adult S. medanensis 4 
(n = 20). Different letters indicate significant difference in proportion of successful 5 
attacks to attempted attacks using generalised linear models with binomial errors and 6 
Tukey’s post hoc analysis (z test). 7 
The average (± S.E.) number of times A. swirskii responded by suddenly retreating 8 
from an attempted attack on an individual S. medanensis that ultimately resulted in a 9 
successful attack on that individual was 2.42 ± 0.26 and 2.85 ± 0.30 (range 1-5) for 10 
naïve and experienced predators on untreated prey, respectively, with no recoil 11 
observed for naïve and experienced predators on hexane treated prey. Although the 12 
hexane treated S. medanensis did not elicit sudden recoil of A. swirskii some attacks 13 
did fail and this appeared to be due to the presence of long setae located on the fourth 14 
segment of the legs (the genu) of S. medanensis which occasionally made contact 15 
with the gnathosoma of A. swirskii as the prey tried to move. This interaction was 16 
also observed with untreated prey in the instances where failed attacks did not result 17 
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in sudden recoil. Predators that focused their sequential attacks on individual prey 1 
rather than attempting attack on several prey were observed to achieve a successful 2 
attack with less failed attempts than predators that attempted attacks on several 3 
individual prey (A. Midthassel pers. obs.). 4 
5.3.4 Hexane treatment of S. medanensis 5 
The hexane extracts of untreated S. medanensis contained on average 9.12 ± 1.87 ng 6 
neral per mite while only 0.04 ± 0.02 ng was recovered from hexane treated mites. 7 
This is a reduction of 99.5% showing that the hexane treatment successfully removed 8 
the volatiles from the mites. Small quantities of 2-ethoxybenzaldehyde, 0.13 ± 0.08 9 
ng, were detected with a reduction of 98.9% following the hexane treatment. No 10 
geranial or nerol was detected in the hexane extracts. 11 
Suidasia medanensis were observed to be slow moving immediately after the hexane 12 
treatment but following 1 h of recovery no difference in movement was observed 13 
compared with the control mites. There was no significant difference in fecundity of 14 
hexane treated mites compared with the control (t = 0.84, p = 0.40) depositing on 15 
average a total of 29.33 ± 1.68 and 31.36 ± 1.71 eggs, respectively, over the 5-day 16 
observation period. The survival rate was >90% indicating that the hexane treatment 17 
did not impact the fitness of adult S. medanensis. 18 
5.4 Discussion 19 
Neral and geranial, are common components of astigmatid semiochemicals with 20 
alarm properties revealed, for neral in particular, in several species (Kuwahara 2004). 21 
The results reported here show a low background level of neral and geranial in 22 
undisturbed cultures of S. medanensis. Physically disturbing the cultures resulted in a 23 
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large increase in concentration of both isomers, dominated by neral, in the headspace 1 
and within the culture medium. The release of neral and geranial in response to 2 
disturbance indicates that the compounds may have an alarm pheromone and/or 3 
allomonal purpose (Whitman et al. 1990). This conforms to the conclusion of Leal et 4 
al. (1989) that neral is the active alarm pheromone of S. medanensis, with geranial 5 
being comparatively less active. The volatiles released upon disturbance quickly 6 
dissipated in the culture environment and are thus unlikely to accumulate and persist 7 
in a factitious rearing unit or delivery system such as a breeding sachet. The results 8 
from the present study also indicate that the concentration of volatiles measured in 9 
the headspace of the trial unit was representative of volatile levels within the medium 10 
inhabited by the mites. 11 
Although small quantities of nerol and 2-ethoxybenzaldehyde were detected in the 12 
samples the focus in this study was given to neral and geranial due to the 13 
comparatively high quantities in the samples and because they have previously been 14 
found to be the behaviourally active alarm pheromone of S. medanensis. In the 15 
hexane extracts however, primarily neral, and only small quantities of 2-16 
ethoxybenzaldehyde, were detected. The absence of geranial in the hexane extracts 17 
suggests that isomerically pure neral may be excreted by S. medanensis which can 18 
rapidly isomerize to geranial, or reduce to nerol, once excreted (Kuwahara 2004). It 19 
is also possible that geranial is not stored in the ophistonotal glands but produced 20 
instantaneously upon stimulation, but more work is needed to confirm this. The fact 21 
that geranial appeared to persist longer than neral (see 5.3.1) may be a result of neral 22 
isomerizing to geranial rather than increased stability of this isomer. 23 
123 
 
Neral has been reported to elicit an alarm pheromone response in C. lactis 1 
(Kuwahara et al. 1980a; Kuwahara et al. 1980b), another factitious astigmatid prey 2 
mite on which A. swirskii can be reared (Bolckmans & van Houten 2006). Kuwahara 3 
et al. (1980b) reported neral and geranial levels (dominated by neral) released from 4 
C. lactis to be 50 times higher post-disturbance compared with pre-disturbance. The 5 
results from S. medanensis show an increase in neral of 560 times 1 min post-6 
disturbance compared with pre-disturbance levels suggesting that a more vigorous 7 
allomonal response may be expected from potential predators. Suidasia medanensis 8 
is a docile and slow moving mite (A. Midthassel pers. obs.) with no previously 9 
reported physical defence behaviour and may therefore have evolved to rely on 10 
volatiles as a defence strategy, manifested by the comparatively large increase in 11 
neral and geranial when disturbed, and the long setae on the legs to passively deter 12 
attacks. 13 
Synthetic volatiles are known to elicit responses similar to their natural pheromone 14 
or allomone equivalents (de Bruijn et al. 2006; Raspotnig 2006). Amblyseius swirskii 15 
was repelled by the synthetic neral and geranial blend, simulating the volatiles of S. 16 
medanensis in this study, at quantities of 250,000 ng to 1,250 ng. Incidentally, the 17 
lowest quantity of the synthetic blend that elicited repellence to A. swirskii was 18 
similar to the peak quantity of neral in the headspace 1 min post-disturbance. The 19 
quantity of volatiles in a sub-sample of the headspace from a colony of mites does 20 
not, however, correspond directly to the quantity of the relevant compounds diffusing 21 
from a filter paper quadrant. Similarly, the quantity of neral and geranial in 10 µl 22 
aliquots distributed over and diffusing from a 7 mm wide quadrant does not 23 
correspond directly to the quantity of volatiles emitted from a 320 µm mite but the 24 
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dose-dependent responses observed in the bioassay show that there is a true repellent 1 
response from A. swirskii. 2 
Although the 1:1 ratio of neral and geranial of the synthetic model blend used in this 3 
study was very different from the 17:1 ratio measured 1 min post-disturbance in S. 4 
medanensis cultures it does indicate that A. swirskii has a behavioural response to at 5 
least one of the two main components of the S. medanensis volatiles. The repellency 6 
of the volatile compounds of S. medanensis to A. swirskii was clearly observed at 7 
natural concentrations in the prey capture success study. 8 
Arthropods using volatiles as a defence strategy are often capable of multiple-9 
discharge until the reservoir or gland is depleted leaving them more vulnerable to 10 
subsequent attacks (Whitman et al. 1990). The prey capture success ratio study 11 
indicated that S. medanensis was able to deliver 1-5 discharges with repellent effect 12 
on A. swirskii with no difference observed in the sensitivity to the volatiles between 13 
naïve and experienced predators. This was similar to reports on the oribatid mites C. 14 
gigantea and A. longisetosus, which can release 20-25% of their volatile reservoir 15 
from each stimulation/disturbance therefore emptying the gland after 4-5 16 
stimulations (Raspotnig 2006; Heethoff 2012). It is worth noting that the quantity 17 
released during mechanical handling of the mites when setting up the experiment is 18 
unknown, therefore these data cannot be regarded as absolute. Furthermore, the 19 
frequency and quantity of releases that did not elicit a response from A. swirskii is 20 
unknown. 21 
In a few instances S. medanensis under attack by A. swirskii was observed to deposit 22 
a small droplet, similar to that reported for thrips (Bakker & Sabelis 1989; de Bruijn 23 
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et al. 2006). Predators with their gnathosoma in direct contact with these droplets 1 
were observed to cease attacks and frantically clean their mouthparts. Whether these 2 
droplets contain the defence volatiles of S. medanensis, as is the case for thrips (de 3 
Bruijn et al. 2006), remains to be investigated. 4 
Studies on oribatid mites have shown that mites completely cleared of their volatiles 5 
may take a few days to regenerate to levels sufficient to repel a predator (Heethoff 6 
2012) and several days to fully restore the gland reservoir (Tomita et al. 2003; 7 
Heethoff 2012). This is when the prey is most vulnerable to attack, as observed with 8 
the hexane treated prey with a significantly higher capture success ratio than 9 
untreated prey and no predator recoil observed. The duration of this vulnerable state 10 
when the prey appear to be depleted of their volatiles and the time required to 11 
regenerate volatile levels to elicit a response from the predator was not measured for 12 
S. medanensis in the present study. Predator attacks were still interrupted with 13 
hexane treated prey but without sudden recoil of the predator. This appeared to be 14 
due to the long setae on the fourth segment of the legs of the prey interfering with the 15 
mouthparts of the predator and may serve as a second line of defence. 16 
The more successful predators focused their attack on a single prey whereas the least 17 
successful appeared to be moving randomly between prey, attempting attacks on 18 
multiple individuals (A. Midthassel pers. obs.). Although this was not quantified it 19 
further reflects that the defence volatile of S. medanensis can be depleted after 20 
multiple attacks on an individual, therefore leaving them vulnerable to attack. 21 
Consequently, the defence strategy does not provide complete protection to 22 
individuals but protection is improved at a population level as predators exert more 23 
energy and time on handling prey. In a population with a high density of S. 24 
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medanensis a predator may find it more difficult to focus the attack on an individual 1 
prey, which will benefit the prey population as the predator move between several 2 
prey and is unable to disarm one specific individual by repeat attacks. This can lead 3 
to erratic behaviour and reduced predation rate and fitness of the predator (Hassell et 4 
al. 1976). 5 
Experienced predators that have previously been exposed to the defence volatiles of 6 
a prey may in some circumstances be conditioned to the presence of the volatiles. 7 
That is, the predator becomes more sensitive to the volatile resulting in increased 8 
repellency to a prey species due to association with the ‘unpleasant experience’ 9 
elicited in response to the volatile (Whitman et al. 1990). Equally, conditioned 10 
predators may develop a higher tolerance to a defence volatile which therefore 11 
results in a more successful predator of the specific prey (Whitman et al. 1990). In 12 
the experiments reported here, naïve and experienced A. swirskii were repelled to an 13 
equal extent by the model blend of compounds and there was no difference in the 14 
capture success ratio between naïve and experienced predators. This indicates that A. 15 
swirskii reared on S. medanensis were not conditioned by exposure to the defence 16 
volatile, which is in line with the strategy of polyphagous predatory phytoseiids as 17 
reported by McMurtry & Croft (1997) where generalist predators do not adapt to 18 
specific prey.  19 
This conforms to Nguyen et al. (2014a) who reported that artificial and factitious 20 
diets did not impact A. swirskii’s predator efficiency on thrips. Such a conditioning 21 
or adaptation to a specific prey or diet would possibly come with an evolutionary 22 
trade-off, potentially resulting in reduced predator fitness or predation efficiency on 23 
target pests in the field (Nunney 2003). As an example, Castagnoli & Simoni (1999) 24 
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concluded that long term rearing of N. californicus on a factitious prey mite should 1 
not have a negative effect on biocontrol in the field, despite lower predation rates on 2 
T. urticae for captive bred predators compared with a wild strain due to good 3 
oviposition rates. As A. swirskii was not conditioned, rearing this generalist 4 
phytoseiid on factitious prey such as S. medanensis is less likely to jeopardise 5 
predator efficiency in a crop, although this was not tested in this study and requires 6 
further investigation. 7 
Prey might be more wary of experienced predators marked with cues from their 8 
conspecifics and may therefore be more likely to escape or display a defence 9 
behaviour (van Maanen et al. 2015). This would have resulted in reduced capture 10 
success for experienced predators as the prey would be more alert to the predation 11 
risk (van Maanen et al. 2015). No such difference was observed in this study, 12 
probably because the predators were starved for 24 h prior to the CSR study to 13 
increase predator voracity and this would simultaneously reduce the presence of prey 14 
cues on experienced predators.  15 
Despite the defence volatiles of S. medanensis, populations of A. swirskii can be 16 
maintained on this factitious prey with good rates of reproduction and population 17 
increase (Chapter 3 & 4). This may be due to an aversion strategy where experienced 18 
predators avoid prey with defence volatiles in the presence of alternative food 19 
sources (Whitman et al. 1990). Although A. swirskii was not conditioned to be more 20 
sensitive to the defence volatile of S. medanensis it is possible that the predators 21 
would avoid attack on adult prey in the presence of alternative prey life stages. 22 
Amblyseius swirskii, although capable of overcoming adults, primarily feed on eggs 23 
and juveniles of S. medanensis thus avoiding adult females (Chapter 4), which are 24 
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likely to deliver a considerably larger load of volatiles (Nishimura et al. 2002). Any 1 
such preference however, may be a result of the difference in capture success rather 2 
than a strict preference (see Chapter 9). 3 
Amblyseius swirskii was repelled by the model blend of neral and geranial, the same 4 
compounds reported to elicit an alarm response in S. medanensis, indicating that 5 
these compounds play an important part in counteracting attacks from this predator. 6 
The response of A. swirskii to the volatiles of S. medanensis in its natural 7 
composition was further observed in capture success ratio studies giving strength to 8 
the argument that a defence volatile is responsible for deterring predator attacks in S. 9 
medanensis as reduced attack rates are common when prey resist attack (Holt & 10 
Lawton 1994).   11 
This is the first study to report defence volatiles of a factitious prey to its phytoseiid 12 
predator.  It is the first step in understanding semiochemical interactions in factitious 13 
systems and can help optimise production and aid in developing new and novel 14 
mass-rearing systems by preparing researchers for the hurdles to be overcome in any 15 
new predator-prey association. The work also indicates that this generalist predator 16 
reared on its factitious prey is not conditioned to the prey and therefore suggesting 17 
that predator efficiency in the field is not jeopardized, but more work is needed in 18 
this area. 19 
  20 
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Chapter 6 Internal Sachet Dynamics 1 
6.1 Introduction 2 
Phytoseiid breeding sachets are an effective tool for obtaining a sustained inoculation 3 
of predatory mites into a crop (Bennison & Jacobson 1991; Sampson 1998; Jacobson 4 
et al. 2001b; Buitenhuis et al. 2014a). The prolonged release period of up to 6 weeks 5 
(Jacobson et al. 2001b; Baxter et al. 2011) offers a preventative predator presence on 6 
arrival of the pest and, population enhancement by migration of mites from a sachet 7 
into an established population (Jacobson et al. 2001b; Messelink et al. 2014). 8 
Breeding sachets are based on factitious prey rearing-systems and have been 9 
developed for A. swirskii using the astigmatid mites C. lactis (Bolckmans & van 10 
Houten 2006) and S. medanensis (Baxter et al. 2011; Smytheman 2011).  11 
Although breeding sachets are widely used in protected crops and often provide 12 
adequate pest control they are surprisingly complex systems and the internal 13 
population dynamics and sachet parameters influencing predator output are poorly 14 
understood. Predator and prey density, their interaction and interference with each 15 
other and their conspecifics can affect population productivity and dispersal 16 
behaviour (Hassell et al. 1976; Eveleigh & Chant 1982). Furthermore, due to 17 
phytoseiid sensitivity to desiccation (Stenseth 1979; Bernstein 1983; Bakker et al. 18 
1993; Bolckmans et al. 2005; Ferrero et al. 2010) moisture retention qualities of the 19 
carrier medium and sachet paper may affect mite populations, dispersal and the 20 
longevity of the sachet system. 21 
Dispersal is an essential aspect of the breeding sachet concept. The success of the 22 
system relies on predatory mite emigration from the sachet and dispersal from the 23 
point sources of inoculation into the crop. Mite distribution in the crop is dependent 24 
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on inter-plant connections and introduction rate (Zemek & Nachman 1999; Jacobson 1 
et al. 2001b; Skirvin & Fenlon 2003; Buitenhuis et al. 2010a) whereas mite 2 
emigration from the sachet will depend on various internal parameters, e.g. 3 
population dynamics and moisture content, and the dispersal behaviour of specific 4 
mite species or strains (Pels & Sabelis 1999; Nachappa et al. 2011).  5 
Phytoseiid mites emigrate from a patch primarily as a response to prey density 6 
(Bernstein 1984; Sabelis & Dicke 1985; Berry & Holtzer 1990; Zemek & Nachman 7 
1998) with higher walking speeds reported in patches without prey (Buitenhuis et al. 8 
2014b) increasing the likelihood of random dispersal. Generalist phytoseiids (see 9 
Chapter 1) disperse earlier from low density prey patches than specialists, which are 10 
likely to remain until depletion of the prey (Jung & Croft 2001; Walzer & 11 
Schausberger 2011), and for some species a small proportion of predators are likely 12 
to leave the prey patch and disperse even at high prey density (Eveleigh & Chant 13 
1982; Berry & Holtzer 1990; Jung & Croft 2001; Xiao et al. 2012). Predator and 14 
prey densities do not only affect dispersal rates but can also affect the fecundity and 15 
survival rates of predators when densities are high in a restricted space (Eveleigh & 16 
Chant 1982) and may therefore influence the productivity of a breeding sachet. 17 
Environmental factors can also influence dispersal and population dynamics. 18 
Temperature can affect dispersal as higher temperatures increase the activity of the 19 
mites thus increasing dispersal rates (Berry & Holtzer 1990) but dispersal will 20 
decrease above an upper threshold (Skirvin & Fenlon 2003). The sensitivity of 21 
phytoseiid mites to low RH and desiccation can also influence dispersal as the mites 22 
are likely to emigrate from areas of low RH to areas of high RH (Bernstein 1983; 23 
Zemek & Nachman 1999). 24 
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The purpose of this study was to investigate the underlying dispersal behaviour of A. 1 
swirskii in response to S. medanensis at different temperatures and predator-prey 2 
densities and the effect of carrier medium moisture content on dispersal rates, 3 
survival and fecundity. The internal population dynamics of a breeding sachet in 4 
relation to predator output were also studied, as well as the effect of exit-hole 5 
location on successful dispersal from the sachet. These experiments were designed to 6 
test the hypotheses that one or more of the above parameters would affect dispersal 7 
rates; that low moisture content of the carrier medium would reduce juvenile survival 8 
and fecundity; and that the exit-hole location and internal population dynamics 9 
would affect predator output from the breeding sachet. 10 
6.2 Materials & Methods 11 
6.2.1 Dispersal response of A. swirskii to different parameters 12 
In order to investigate the factors that stimulate dispersal of A. swirskii out of a 13 
breeding sachet a series of basic experiments were set up. Gravid A. swirskii were 14 
placed in 1.5 ml micro test tubes (Eppendorf Safe-Lock tubesTM, Hamburg, 15 
Germany) containing 0.1 ml wood chips with a 3 mm hole in the lid. The micro test 16 
tubes were placed on a 50 mm diameter vented leaf disc and left for 24 h (Figure 17 
6.1). Mites recovered on the leaf disc were considered dispersed whereas mites 18 
remaining in the micro test tubes were considered not dispersed (n = 60). The 19 
experiments were conducted in Sanyo controlled environment cabinets at 25oC, 75% 20 
RH and 16L:8D, unless otherwise specified. The parameters studied are outlined 21 
below. 22 
i) Moisture dependent dispersal was examined with carrier medium 23 
moisture contents of 10%, 20% and 30%, adjusted by adding water to the 24 
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medium, with a single A. swirskii and five S. medanensis in each micro 1 
test tube; 2 
ii) Prey density dependent dispersal was set up with an individual A. swirskii 3 
in medium moisture content of 20% and 0, 5, 10, 20 or 30 S. medanensis 4 
in each micro test tube; 5 
iii) Predator density dependent dispersal was prepared with moisture content 6 
of 20% and predator densities of 1, 2, 3, 5 and 10. The predator-prey ratio 7 
was kept at 1:5 for all predator densities, and; 8 
iv) Temperature dependent dispersal was examined at 15oC, 20oC, 25oC, 9 
30oC and 35oC with a single A. swirskii and five S. medanensis in 10 
medium moisture content of 20%. 11 
 12 
Figure 6.1 Micro test tube experimental set-up 13 
Micro test tubes on 50 mm diameter leaf disc used in dispersal, fecundity and 14 
juvenile survival experiments. 15 
6.2.2 Moisture dependent fecundity and juvenile survival of A. swirskii 16 
Micro test tubes with a 3 mm vent covered by a 54 µm muslin mesh were prepared 17 
with 0.1 ml wood chip medium of moisture contents 10%, 20%, 30% and 40%. 18 
Individual gravid A. swirskii were placed into each micro test tube together with 20 19 
S. medanensis of mixed life stages to ensure copious prey (n = 15). The predator was 20 
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transferred into a new micro test tube with restored prey levels and moisture content 1 
every 24 h and the number of eggs deposited counted for six days. Data from the first 2 
day were excluded and the results from the five following days were used for the 3 
data analysis (Eveleigh & Chant 1982; van Lenteren et al. 2003). 4 
Juvenile survival experiments at the above mentioned moisture contents were set up 5 
using 0-16 h old A. swirskii eggs with 15 S. medanensis added to each micro test tube 6 
(n = 30). The A. swirskii juveniles were transferred into new micro test tubes every 7 
24 h to minimise change in the moisture content of the medium over time until 8 
reaching adulthood or death. 9 
6.2.3 The effect of sachet exit-hole location on predator release  10 
Breeding sachets were prepared with exit-holes (2.5 mm diameter) in five different 11 
locations (Figure 6.2), as outlined in Table 6.1. Ten replicate sachets were set up for 12 
each of the five treatments as specified in Chapter 2 (section 2.4) in controlled 13 
conditions at 25oC, 75% RH and 16L:8D. The sticky traps were changed and counted 14 
three times per week, i.e. on day two, four and seven, until the sachets were depleted. 15 
Initial mite densities in the sachets were estimated according to procedures outlined 16 
in Chapter 2 (see Appendix A). Treatment A represents the standard sachet format at 17 
the time that the experiments were conducted. 18 
 19 
 20 
 21 
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Table 6.1 Sachet exit-hole locations 1 
Description of the location of the breeding sachet exit-holes and corresponding 2 
location code. 3 
Location code Location description 
A Exit-hole located along the right side edge of the sachet 20 mm 
from the top of the internal space of the sachet 
B Two exit-holes located along each side edge of the sachet 20 mm 
from the top of the internal space of the sachet 
C Exit-hole located in the top corner of the right side of the sachet 
D Exit-hole located in the horizontal centre along the top edge of 
the sachet 23 mm from the side edge on both sides of the internal 
space of the sachet  
E Exit-hole located in the horizontal centre and 20 mm from the top 
edge of the internal space of the sachet 
 4 
 5 
Figure 6.2 Sachet exit-hole locations 6 
Photograph of the top half of a breeding sachet showing the five exit-hole locations. 7 
6.2.4 The effect of internal population dynamics on predator release profile 8 
from a breeding sachet 9 
Sachets were prepared to replicate the standard industry format and placed on sticky 10 
traps as outlined in Chapter 2. The sachets were placed in controlled conditions at 11 
25oC, 75% RH, 16L:8D and monitored for five weeks (n = 6). Two times per week, 12 
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i.e. day four and seven, the sachets were individually removed and counted. The 1 
sachets were opened at the bottom and the medium removed to estimate the number 2 
of mites in the medium according to the procedures in Chapter 2, section 2.5. 3 
Immediately after counting the mites in the sachets, the medium was placed back in 4 
the sachet, heat sealed at the bottom and placed back on a new sticky trap. Sachets 5 
from corresponding replicates that were not counted were kept alongside the counted 6 
sachets as a reference to monitor the effect of the twice-weekly count on sachet 7 
output. The moisture content of the sachet medium was measured at set-up and at the 8 
end of the experiment using a Sartorius MA 150 moisture analyser (Sartorius UK 9 
Ltd., Surrey, UK). 10 
6.2.5 Data analysis 11 
The data from the dispersal behaviour trials were pooled into six pre-selected groups 12 
of ten replicates for each experiment and the proportion dispersed analysed by GLM 13 
with binomial errors, as detailed in section 2.6 of Chapter 2. 14 
 15 
Moisture dependent fecundity was analysed by comparing total number of eggs 16 
deposited using GLM with Poisson errors, as described in section 2.6 of Chapter 2. 17 
Moisture dependent juvenile survival data were analysed using the Kaplan-Meier 18 
function with the Weibull distribution, as per section 2.6 of Chapter 2. 19 
 20 
The total numbers of mites released from the sachets for the duration of the 21 
experiment were added up for each replicate and analysed with GLM with Poisson 22 
errors. 23 
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The data from the internal sachet counts were analysed using multi-response 1 
generalized linear mixed models with Markov Chain Monte Carlo estimation 2 
(MCMCglmm) in the ‘MCMCglmm’ library of R. Mite counts were set as fixed 3 
effects and the repeated measures of time and replication were set as random effects 4 
and assigned Poisson error distribution. The Markov Chain was run for 50,000 5 
iterations with a thinning interval of 25 and a burn-in at 10,000 iterations (Hadfield 6 
2010) generating 1,600 samples. The number of iterations was sufficient for the 7 
autocorrelation to be < 0.1, which is an estimate for the non-independence between 8 
successive samples (Hadfield 2014). The MCMCglmm method, which substantiates 9 
the data by modelling new samples based on the within group variation, is 10 
particularly useful for data sets with low replication. The ‘coda’ package in the 11 
MCMCglmm library accommodates three-dimensional cross-correlation of the 12 
posterior distribution taking into account the repeated measures of time and 13 
replication (Plummer et al. 2012; Hadfield 2014) which was used to estimate 14 
correlation between predator and prey output and the corresponding internal 15 
populations over time. 16 
6.3 Results 17 
6.3.1 Dispersal response of A. swirskii to different parameters 18 
The moisture content of the carrier medium affected the dispersal rate of A. swirskii 19 
with a significantly higher dispersal rate from medium with 10% moisture content 20 
compared with medium with 20% (z = 2.40, p < 0.05) and 30% (z = 2.82, p < 0.05) 21 
moisture content (Figure 6.3). There was no significant difference between the latter 22 
two. 23 
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 1 
Figure 6.3 Moisture dependent dispersal 2 
Proportion of Amblyseius swirskii dispersed from micro test tubes with wood chips at 3 
different moisture content and Suidasia medanensis as prey, after 24 h (n = 60). 4 
Different letters indicate significantly different dispersal rates (p < 0.05). Error bars 5 
represent standard error of the mean.  6 
Increasing prey density resulted in a negative trend in the dispersal rate of A. swirskii 7 
but the dispersal rate was only significantly higher in the absence of prey compared 8 
with 5 (z = 5.83, p < 0.001), 10 (z = 6.23, p < 0.001), 20 (z = 6.61, p < 0.001) and 30 9 
(z = 6.70, p < 0.001) S. medanensis per predator (Figure 6.4). 10 
The predator densities tested in this experiment did not affect the dispersal rate of A. 11 
swirskii. The dispersal rate was similar and consistent across all treatments (Figure 12 
6.5). 13 
A trend of increasing dispersal with increasing temperature was observed in the 14 
temperature range tested in these experiments but there was no significant difference 15 
among treatments (Figure 6.6). 16 
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 1 
Figure 6.4 Prey density dependent dispersal 2 
Proportion of Amblyseius swirskii dispersed from micro test tubes with different 3 
levels of Suidasia medanensis, after 24 h (n = 60). Different letters indicate 4 
significantly different dispersal rates (p < 0.05). Error bars represent standard error of 5 
the mean. 6 
 7 
Figure 6.5 Predator density dependent dispersal 8 
Proportion of Amblyseius swirskii dispersed from a micro test tube with different 9 
predator densities and constant prey ratio (1:5), after 24 h (n = 60). Different letters 10 
indicate significantly different dispersal rates (p < 0.05). Error bars represent 11 
standard error of the mean. 12 
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 1 
Figure 6.6 Temperature dependent dispersal 2 
Proportion of Amblyseius swirskii dispersed from micro test tubes at different 3 
temperatures with constant levels of Suidasia medanensis, after 24 h (n = 60). 4 
Different letters indicate significantly different dispersal rates (p < 0.05). Error bars 5 
represent standard error of the mean. 6 
In treatments where the dispersal rate was not significantly affected the rate was 7 
primarily in the range of 0.1 – 0.25 across all experiments. 8 
6.3.2 Moisture dependent fecundity and juvenile survival of A. swirskii 9 
The moisture content of the carrier medium had a significant negative effect on 10 
juvenile survival of A. swirskii at a moisture content of 10% compared with 20% (z = 11 
2.84, p < 0.01), 30% (z = 3.26, p < 0.01) and 40% (z = 3.17, p < 0.01) (Figure 6.7). 12 
There was no significant difference in survival rate at moisture contents at 20% and 13 
above. The scale parameter was < 1 indicating that the risk of dying decreased with 14 
age with the majority of deaths occurring on day 2 for 10% and 20% moisture 15 
content. 16 
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 1 
Figure 6.7 Moisture dependent survival 2 
Kaplan-Meier survival distribution of juvenile Amblyseius swirskii in wood chips of 3 
different moisture contents with Suidasia medanensis as prey (n = 30). Different 4 
letters indicate significant difference after fitting a parametric model with non-5 
constant hazard and Weibull errors (p < 0.05). 6 
The daily oviposition rate of adult A. swirskii was significantly reduced at 10% 7 
moisture content compared with 20% (z = 3.63, p < 0.01), 30% (z = 3.93, p < 0.001) 8 
and 40% (z = 4.42, p < 0.001) (Figure 6.8). There was no significant difference in 9 
fecundity among the treatments at 20% moisture content and above. The mortality 10 
rate of the adult A. swirskii by the end of the experiment was 0.2 at 10% moisture 11 
content and 0.0 at moisture contents at 20% and above. 12 
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 1 
Figure 6.8 Moisture dependent fecundity 2 
Mean daily oviposition rate of Amblyseius swirskii with Suidasia medanensis as prey 3 
in wood chips at different moisture contents (n = 15). Different letters indicate 4 
significant difference (p < 0.05). Error bars represent standard error of the mean. 5 
6.3.3 The effect of sachet exit-hole location on predator release 6 
The location of the exit-hole on the breeding sachet had a significant effect on 7 
predator release in this experiment (Figure 6.9). The exit-hole located in the top 8 
corner of the sachet (location C) resulted in the highest predator output followed by 9 
the exit-hole located in the horizontal centre of the sachet along the top edge 10 
(location D). The two exit-holes on either edge of the sachet 20 mm from the top 11 
(location B) improved predator release significantly compared with the standard 12 
single hole at the same location (location A) (z = 3.87, p < 0.01). There was no 13 
significant difference in predator output between location B and D, but a single exit-14 
hole at location C significantly improved predator release compared with two exit-15 
holes in location B (z = 5.92, p < 0.001). The exit-hole located in the horizontal 16 
centre 20 mm from the top resulted in the lowest release of predators in this study. 17 
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 1 
Figure 6.9 Exit-hole dependent predator release 2 
Cumulative predator release from Amblyseius swirskii breeding sachets with the exit-3 
hole in different locations (n = 10). Location codes are outlined in Table 6.1. 4 
Different letters indicate significant difference in total output (p < 0.05). 5 
6.3.4 The effect of internal population dynamics on predator release profile 6 
from a breeding sachet 7 
The three-dimensional correlations from the MCMCglmm analysis are summarised 8 
in Table 6.2. The predator-prey ratio in the sachets remained fairly constant during 9 
the period of population increase at approximately 1:4 for the first 2 weeks, but the 10 
correlation was not strong due to faster decrease in the A. swirskii population 11 
compared with the S. medanensis population causing an imbalance between the 12 
populations. Predator output from the sachets increased with the prey population 13 
inside the sachets (Figure 6.10) but the correlation was not strong due to lower 14 
predator release in the beginning of the experiment when the prey population was 15 
high. The predator output decreased with a decreasing prey population but the 16 
decrease in predator release started before the reduction in the prey population. 17 
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Similarly, the correlation between the prey population and prey output was not strong 1 
due an initial increase in prey output as the population decreased, followed by a 2 
decrease in output with a continuing decrease in the population. The predator 3 
population in the sachets was weakly correlated with the prey. 4 
Table 6.2 MCMCglmm correlation coefficients 5 
Correlation coefficients, r, of the internal predator and prey populations in an 6 
Amblyseius swirskii breeding sachet with corresponding predator and prey output 7 
over time following the three-dimensional cross-correlation of the MCMCglmm 8 
analysis (n = 1,600). 9 
 Predator 
output 
Predator 
population 
Prey  
population 
Prey  
output 
Predator eggs 0.65 0.65 0.66 0.32 
Prey output 0.29 0.38 0.45  
Prey population 0.44 0.51   
Predator 
population 
0.62    
 10 
The strongest correlations for predator output were with the predator number in the 11 
sachet and the predator eggs. There was also a strong correlation between predator 12 
egg numbers and the prey population in the sachet. The proportion of the A. swirskii 13 
population dispersing from the sachet per day was small but increasing with time 14 
(Figure 6.11) as the predator population and predator egg numbers decreased at a 15 
faster rate than the dispersal rate.    16 
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 1 
Figure 6.10 Breeding sachet population dynamics 2 
Internal population dynamics of Amblyseius swirskii and Suidasia medanensis in a 3 
breeding sachet with corresponding daily output (n =6). 4 
 5 
Figure 6.11 Predator population dynamics and daily dispersal rate 6 
Internal population dynamics and mean daily output of Amblyseius swirskii from a 7 
breeding sachet with corresponding proportion of the population in the egg stage and 8 
ratio of dispersed predators to the internal population over time (n = 6). 9 
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The predator output from the counted sachets was significantly lower than from the 1 
undisturbed reference sachets (t = 5.92, p < 0.001) with an earlier release in counted 2 
sachets and prolonged release from the reference sachets (Figure 6.12). Contrary to 3 
the predator output, the prey output was significantly higher from the counted sachets 4 
compared with the undisturbed reference sachets (t = 8.61, p < 0.001). The moisture 5 
content of the sachet carrier medium was 20.75% ± 0.15 at set-up and had reduced to 6 
14.01% ± 0.23 and 17.99% ± 0.56 after 5 weeks for the counted and the reference 7 
sachets, respectively. 8 
 9 
Figure 6.12 Predator and prey output 10 
Cumulative output of Amblyseius swirskii and Suidasia medanensis from breeding 11 
sachets with internal population counts and reference sachets (n = 6). Different upper 12 
case letters indicate significantly different total output of prey and different lower 13 
case letters indicate significantly different total output of predators (p < 0.05). 14 
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6.4 Discussion 1 
The dispersal behaviour of phytoseiid mites has been studied for various specialist 2 
and generalist species and can be linked to the interactions with their prey and their 3 
population dynamics (Jung & Croft 2001; Nachappa et al. 2011). The dispersal 4 
behaviour of the generalist A. swirskii has been little studied with the only published 5 
literature on this topic for this specific predator focusing on dispersal response to 6 
inter-plant connections and leaf pubescence (Buitenhuis et al. 2010a; Buitenhuis et 7 
al. 2014b), and no previous reports on dispersal dynamics relating to the parameters 8 
of a factitious system. Amblyseius swirskii displayed a steady dispersal rate among 9 
all the parameters tested which conforms to literature reporting dispersal of generalist 10 
predators from a prey patch despite, or even in response to, high prey densities 11 
(Eveleigh & Chant 1982; Berry & Holtzer 1990; Jung & Croft 2001) and abundance 12 
of pollen (Xiao et al. 2012). This dispersal strategy, termed the Milker strategy by 13 
van Baalen & Sabelis (1995), is advantageous in biocontrol as it allows faster 14 
distribution in the crop and results in higher numerical response of a population as 15 
the predators are able to exploit a prey patch for longer (Nachappa et al. 2011). 16 
Moreover, it is an essential trait for the success of breeding sachets as a sustained 17 
release of predators is required to ensure prolonged predator presence in the crop in 18 
the absence of pests and alternative foods.  19 
The moisture content of the sachet medium is important as it influences the 20 
microclimate within the breeding sachet. Low moisture content of the carrier 21 
medium resulted in increased dispersal rates and reduced juvenile survival and daily 22 
oviposition rates as a response to the unfavourable dry conditions (Stenseth 1979; 23 
Bernstein 1983; Bakker et al. 1993; Zemek & Nachman 1999; Bolckmans et al. 24 
2005; Ferrero et al. 2010). The significant decrease in juvenile survival and 25 
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oviposition rates at 10% moisture content indicates that this creates an internal RH 1 
which is too low for A. swirskii leading to dehydration and reduced performance. The 2 
risk of dying decreased with increasing age, suggesting that eggs and larvae are the 3 
most prone to dehydration, which is in line with Shipp & van Houten (1997) for N. 4 
cucumeris. Higher carrier medium moisture content could be expected to take longer 5 
to desiccate in dry conditions but at a moisture content of 30% or more the medium 6 
clumped together and the prey food may be at risk of degrading due to mould (A. 7 
Midthassel pers. obs.). Dispersal rates were significantly higher at 10% moisture 8 
content than at 20% and 30%, indicating that the critical threshold is somewhere 9 
between 10 and 20%. The negative effect of the dry carrier medium on population 10 
growth rates and positive effect on dispersal rates may indicate that loss of sachet 11 
moisture content may play a major part in terminating the productivity of the sachet 12 
system and therefore governing its longevity.  13 
Phytoseiid dispersal is primarily a response to prey density with increased emigration 14 
at decreasing prey levels (Bernstein 1984; Berry & Holtzer 1990; Zemek & 15 
Nachman 1998). Amblyseius swirskii exhibited an increasing trend in dispersal rates 16 
with decreasing prey density in the current study, however, the mite emigration from 17 
the micro test tubes was only significantly higher in the absence of prey. This 18 
suggests that the proportion of the population dispersing from the sachet will remain 19 
relatively stable at any of the tested prey densities and predator depletion by mass 20 
emigration will only occur once the sachet is devoid of prey signifying the end of the 21 
sachet. Eveleigh & Chant (1982) argued that predators may disperse from crowded 22 
prey patches due to interference. Such behaviour was not observed in this study 23 
which may be due to the upper density threshold not being reached, or the crowding 24 
effect not being exhibited within the short time frame of this experiment. Contrary to 25 
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some published reports suggesting that dispersal is dependent on predator density 1 
(Hassell et al. 1976; Eveleigh & Chant 1982), the dispersal rate of A. swirskii was 2 
not affected by predator density. Although more predators dispersed at higher 3 
densities, the proportion dispersing remained constant.  4 
Bernstein (1984) found that predator density did not influence dispersal rates when 5 
the predator-prey ratio was kept constant but that dispersal increased with increasing 6 
predator density if the prey density was kept constant. The predator-prey ratio in the 7 
current study remained constant at all predator densities tested, this explains the 8 
constant dispersal rate at different predator densities and suggests that this parameter, 9 
on its own, will not be a major factor in predator release rates from a sachet. At a 10 
higher predator density, although the dispersal rate is constant, a higher number of 11 
predators will be released as more dispersers are available (Nachappa et al. 2011) but 12 
a higher initial predator input is required.  13 
Temperature can have a positive effect on phytoseiid dispersal due to increased 14 
activity and walking rate (Berry & Holtzer 1990; Skirvin & Fenlon 2003). The upper 15 
temperature threshold where dispersal is reduced or ceases altogether will depend on 16 
species. A general trend of increasing dispersal rate was observed with increasing 17 
temperature but the differences were not significant. Although temperature may not 18 
have had a direct effect on dispersal rates in this experiment, it may influence the 19 
population dynamics in the sachet which will affect the predator output (see Chapter 20 
7).  21 
Phytoseiid mites adopt a random walk with high turning rates when within a prey 22 
patch, which transforms to a straight walk when leaving the prey patch increasing the 23 
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likelihood of dispersal to a new patch (Sabelis 1981; Berry & Holtzer 1990; Jung & 1 
Croft 2001). The non-random straight walk, or linear path, has also been termed edge 2 
walk due to mites often exhibiting this strategy on the leaf edges (Berry & Holtzer 3 
1990). In a breeding sachet, A. swirskii leaving the carrier medium primarily walk in 4 
linear paths across the open space until reaching the sachet edge where the majority 5 
of the mites will continue to walk along the edge (A. Midthassel pers. obs. in a 6 
transparent sachet, Figure B1, Appendix B). These observations were substantiated 7 
by studying the effect of strategically placed exit-holes on predator release.  8 
The highest predator output was observed with the exit-hole located in the top corner 9 
of the sachet where most dispersing mites congregate due to A. swirskii’s elevation 10 
seeking behaviour (Buitenhuis et al. 2010a) and edge walk strategy when in dispersal 11 
mode. The predators either encounter the side edge of the sachet and walk along the 12 
edge up to the corner, or walk up the top edge and continue along the top edge until 13 
reaching the corner where the exit-hole is located. With exit-holes in the other 14 
locations the mites were less likely to find the exit-hole and would descend back into 15 
the carrier medium after some time (A. Midthassel pers. obs.). The lowest predator 16 
output was from sachets where the exit-hole was not along an edge indicating how 17 
important this dispersal strategy and the exit-hole location is for the predator release 18 
rate. Interestingly, two exit-holes located along the side edges exhibited inferior 19 
predator release compared to a single exit-hole in the top corner of the sachet 20 
suggesting that the negative geotaxis of A. swirskii is an essential trait to consider 21 
when designing a sachet system. Future studies to confirm and substantiate these 22 
conclusions could be obtained from the employment of an image analysis tracking 23 
system, such as Ethovision (Noldus 2015), to follow the emergence patterns of mites 24 
from a transparent sachet. 25 
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The study on the internal population dynamics of the A. swirskii sachet indicated that 1 
the predator and prey populations increased at a similar rate for the first ten days 2 
before declining with the predators declining at a slightly faster rate than the prey. 3 
Therefore, increased dispersal of A. swirskii is unlikely to be a direct response to 4 
decreasing prey density as predator dispersal initially increased with increasing prey 5 
density. Predator abundance and population growth rate depend on the productivity 6 
of the prey (Janssen & Sabelis 1992; Holt & Lawton 1994; Nachappa et al. 2011) 7 
and the faster decrease in the predator population may be a response to reduced prey 8 
productivity, with subsequent decrease of the prey population, combined with 9 
increasing emigration rates. There was a significant positive correlation of the 10 
predator output from the sachets with the internal predator population and the 11 
predator egg numbers in the sachet. The proportion of the total predator population 12 
that constitutes egg stages is an indication of the productivity of the population 13 
(Mégevand et al. 1993; Gerson et al. 2003), hence, it is reasonable to conclude that 14 
predator dispersal from the sachet is linked with the productivity of the populations 15 
(Nachappa et al. 2011). Increasing sachet productivity lead to increased predator 16 
output, whereas a decrease in productivity resulted in a decrease in predator output.  17 
The proportion of the predator population dispersing from the sachet per day was low 18 
for the first three weeks with the sachet population being replenished by the 19 
remaining mites. As the dispersal rate was low it is unlikely to be the main factor 20 
causing the population decline. The proportion of mites dispersing from the sachet 21 
increased with time which may be in response to a combination of decreasing prey 22 
density (Bernstein 1984; Berry & Holtzer 1990; Zemek & Nachman 1998) and 23 
moisture loss from the carrier medium (Bernstein 1983; Zemek & Nachman 1999), 24 
making the environment less favourable. Predator output was not strongly correlated 25 
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with the internal prey population, however, the predator eggs were strongly 1 
correlated with the prey population suggesting that the prey population affects the 2 
productivity of the sachet system which again affects the predator output. The poor 3 
correlation between the predator population and the prey output suggests that the 4 
presence of A. swirskii does not stimulate dispersal in S. medanensis, thus the prey 5 
output may be due to other factors such as desiccation of the carrier medium or 6 
depletion of its food source (Jacobson et al. 2001b). This is in accordance with Meng 7 
et al. (2012) who reported that the presence of A. swirskii had a limited effect on 8 
dispersal of whitefly. Furthermore, Nachappa et al. (2011) demonstrated that P. 9 
persimilis decreased the dispersal rate of T. urticae in a prey patch landscape. 10 
The turning point for both the predator and the prey population increase could be 11 
explained by the total density of mites in the carrier medium at the peak density. 12 
Increasing predator and prey density can have a negative effect on predator survival 13 
and fecundity (Hassell et al. 1976; Eveleigh & Chant 1982), combined with 14 
increasing dispersal rates this could result in a decrease of the population size. The 15 
density of mites reached in factitious rearing systems however, exceeds that recorded 16 
in these sachets and is therefore unlikely to be a limiting factor. Furthermore, the 17 
prey population decreased at the same time as the predators but, again, this is 18 
unlikely to be due to the density of mites because cultures of S. medanensis can reach 19 
densities far exceeding that of the sachets studied here.  20 
Due to the reduction in egg proportion of the overall predator population (the 21 
indicator of productivity) coinciding with the decline in the predator and prey 22 
populations, unfavourable conditions are likely to be the cause. The answer may be 23 
found when comparing the output of mites from the counted sachets with the 24 
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undisturbed reference sachets. The reference sachets released significantly higher 1 
numbers of A. swirskii over the five week period, with a lower early release and 2 
delayed peak release, than the counted sachets. For the prey the opposite was 3 
observed: the reference sachets released significantly fewer S. medanensis than the 4 
counted sachets. This may be due to the mechanical disturbance of the mite 5 
populations when counted stimulating dispersal behaviour, but the populations 6 
continued to increase during the first ten days despite the disturbance. The moisture 7 
content of the carrier medium after the five week period, however, reveals a lower 8 
level of moisture in the counted sachets suggesting that the medium has desiccated 9 
faster due to regular exposure to lower RH when extracted from the sachets for 10 
counting.  11 
As reported from the experiments above, dry carrier medium reduces juvenile 12 
survival and fecundity, which will have significant effect on the population growth 13 
rates. The negative effect on sachet productivity in response to the moisture loss is 14 
reflected in the lower total predator output. With more favourable conditions and the 15 
productivity of the prey remaining in the reference sachets the predator population 16 
will have been able to increase further resulting in increased output (Sampson 1998; 17 
Buitenhuis et al. 2014a). The drier medium in the counted sachets, on the other hand, 18 
would increase dispersal rates further adding to the decline in both populations 19 
explaining the discrepancy in mite output between the counted and the reference 20 
sachets.  21 
Although the counted sachets did not represent the exact dynamics of undisturbed 22 
sachets they did provide an insight into the population dynamics in a breeding sachet 23 
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and indicated which factors are linked with predator output and decline in 1 
productivity.  2 
The series of experiments reported here provide a first insight into the dispersal 3 
behaviour and population dynamics related to an A. swirskii breeding sachet with S. 4 
medanensis as prey. A small proportion of the predator population disperses each 5 
day, while the remainder replenish the internal population until conditions become 6 
unfavourable due to lack of prey or desiccation of carrier medium. At this point the 7 
productivity of the sachet and the number of predators emigrating decreases but, 8 
conversely, the proportion of the population dispersing increases. Retaining the 9 
moisture content of the carrier medium is of particular importance in order to 10 
maintain productivity and achieve maximum predator output. Based on the 11 
fundamental dispersal strategy of phytoseiid mites the location of the exit-hole in the 12 
sachet has been shown to influence predator release rates and to be an important 13 
parameter for achieving maximum output of A. swirskii from the sachet. 14 
Consequently, the exit-hole location on breeding sachets from BCP Certis has now 15 
been changed from location A to location D. 16 
 17 
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Chapter 7 Effect of Climatic Conditions on Sachet Output 1 
7.1 Introduction 2 
Crops grown under the protection of a cropping structure, such as a glasshouse or a 3 
polythene tunnel, are particularly suitable for biological control of pest organisms. 4 
The cropping structure offers shelter from adverse weather conditions, allows some 5 
degree of climate control and confines the biocontrol agents within the crop (Gerson 6 
& Weintraub 2012). Despite the environmental conditions being more stable and 7 
controlled than in unprotected crops parameters such as temperature, RH and light 8 
intensity can vary widely over time within and between cropping structures (Gerson 9 
& Weintraub 2012; Hewitt et al. 2015). The main factors influencing these variations 10 
are weather, season, geographic location, crop type and the type of cropping 11 
structure.  12 
The establishment of a predatory mite population and the efficacy at controlling the 13 
target pests will depend partially on the environmental conditions in the crop (Hajek 14 
2004; Messelink et al. 2014; Hewitt et al. 2015). Reduced light intensity and 15 
decreasing day length for instance, can induce diapause in some phytoseiid species, 16 
or particular strains, resulting in poor establishment and pest control in temperate 17 
regions during the winter months (van Houten et al. 1995). Amblyseius swirskii 18 
however, does not enter diapause and is therefore not affected by day length 19 
(Bolckmans et al. 2005; Allen 2009). Temperature and RH are important factors 20 
influencing the population increase of the predator and therefore the numerical 21 
advantage over the pest. Temperature can affect the development time and longevity 22 
of A. swirskii (Abd El-Tawab et al. 1982; Allen 2009; Lee & Gillespie 2011), 23 
whereas RH can influence egg viability and successful egg to adult development of 24 
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phytoseiid mites (Stenseth 1979; Bakker et al. 1993; Shipp & van Houten 1997; 1 
Bolckmans et al. 2005; Ferrero et al. 2010). Unfavourable environmental conditions 2 
can be adjusted in modern glasshouses by supplemental lighting, temperature and 3 
RH control but these are expensive measures that may not be economically viable for 4 
many crops in many regions (Gerson & Weintraub 2012). Although periods of 5 
temperatures and RH outside of the optimal range for the BCA in question can have 6 
a negative effect on phytoseiid establishment and predator-prey dynamics (Nachman 7 
1988), this may be compensated by periods of more favourable conditions within the 8 
natural fluctuations between night and day (Vangansbeke et al. 2013; Messelink et 9 
al. 2014; Vangansbeke et al. 2015a). 10 
Predatory mite deployment systems such as breeding sachets spend several weeks in 11 
a crop and their performance will be affected by abiotic factors, thus affecting the 12 
predator output and concomitant establishment in the field (Sampson 1998; Shipp & 13 
Wang 2003; Baxter et al. 2011; Buitenhuis et al. 2014a). The breeding sachet, as 14 
described by Bennison & Jacobson (1991), has a waxed paper of specific porosity 15 
that allows for gas exchange and reduces loss of moisture from the carrier medium. 16 
Prolonged exposure to low RH however, will eventually desiccate the medium with 17 
detrimental effects on the internal populations (see Chapter 6).  18 
Temperature and RH can affect predation rates (Shipp et al. 1996; Zilahi-Balogh et 19 
al. 2007; Critchley et al. 2014), dispersal rates  (Bernstein 1983; Berry & Holtzer 20 
1990; Zemek & Nachman 1999; Skirvin & Fenlon 2003), oviposition rates (Zilahi-21 
Balogh et al. 2007; Hewitt et al. 2015), juvenile survival rates (Shipp & van Houten 22 
1997) and population growth rates (Shipp & van Houten 1997; Allen 2009; Lee & 23 
Gillespie 2011) of both the predator and the prey population, hence, changing the 24 
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dynamics and productivity of the sachet system with resultant effect on the predator 1 
output (Sampson 1998; Shipp & Wang 2003; Buitenhuis et al. 2014a).  2 
The aim of the current study was to investigate the underlying effect of different 3 
levels of temperature and RH on the predator release profile and total release from an 4 
A. swirskii sachet with S. medanensis as prey under controlled conditions. The 5 
possibility that periods of unfavourable abiotic conditions can be compensated by 6 
periods of favourable conditions was also studied. The hypothesis tested was that low 7 
RH would have a negative effect on overall predator output and that sachets at low 8 
temperature would have a delayed release compared with sachets at high 9 
temperatures. 10 
7.2 Materials & Methods 11 
7.2.1 Breeding sachet release trials 12 
Breeding sachets were prepared and placed on sticky traps as described in section 2.4 13 
of Chapter 2 (See Appendix A for sachet counts at the start of the trials). The sachets 14 
were exposed to three incremental levels of constant RH at 25oC or three incremental 15 
levels of constant temperature at 75% RH and 16L:8D, as detailed in Table 7.1 (n = 16 
10). The temperature levels represent the temperature range for optimal population 17 
growth for A. swirskii (Allen 2009; Lee & Gillespie 2011), while the RH levels 18 
represent the RH range from 50% egg hatching to optimal RH (Bolckmans et al. 19 
2005).  20 
The sticky traps were changed three times per week, i.e. day three, five and seven, 21 
for five weeks. An experiment investigating the effect of alternating temperature and 22 
RH with low temperature and high RH at night, high temperature and low RH during 23 
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the day and mid-range level of both parameters during a morning and evening 1 
transition phase (n = 10), as detailed in Table 7.2, was set up to represent a more 2 
field realistic simulation. The average conditions over a 24 h period at variable 3 
conditions were the same as the constant conditions of the reference sachets at 25oC 4 
and 75% RH. The moisture content of the carrier medium was measured at the 5 
beginning and at the end of each experiment, as outlined in section 6.2.4 of Chapter 6 
6. 7 
Sachets used in these experiments had the exit-hole location in the horizontal centre 8 
along the top edge of the sachet (location D, Chapter 6) as this was changed to the 9 
standard format for BCP Certis breeding sachets.  10 
Table 7.1 Controlled environment regimes – constant conditions 11 
Temperature and relative humidity (RH) regimes for Amblyseius swirskii sachet 12 
release trials at constant conditions. 13 
Treatment Temperature Relative humidity 
Trial 1 - RH   
1.1 25oC 60% 
1.2 25oC 75% 
1.3 25oC 90% 
Trial 2 - Temperature   
2.1 20oC 75% 
2.2 25oC 75% 
2.3 30oC 75% 
 14 
 15 
 16 
 17 
 18 
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Table 7.2 Controlled environment regimes – alternating conditions 1 
Temperature and relative humidity (RH) regimes for Amblyseius swirskii sachet 2 
release trials at alternating conditions. 3 
Treatment Temperature Relative humidity 
Alternating conditions   
8 h 20oC 90% 
4 h 25oC 75% 
8 h 30oC 60% 
4 h 25oC 75% 
Constant conditions   
24 h 25oC 75% 
 4 
7.2.2 Data analysis 5 
The total number of predators released from the sachets after five weeks were 6 
compared using GLM analysis with quasipoisson errors, as detailed in section 2.6 of 7 
Chapter 2. The predatory mite release profiles, based on average daily output, and 8 
treatment effect were analysed using GLMM, where the environmental conditions 9 
were the fixed effects and the temporal repeated measure of time and replication 10 
were the random effects. 11 
7.3 Results 12 
7.3.1 Effect of RH on predator output 13 
Relative humidity had a significant effect on predator output from the breeding 14 
sachets (z = 97.27, p < 0.001). The release profiles of the sachets at different RH 15 
were significantly different, primarily due to different peak output (Figure 7.1). Peak 16 
daily predator output increased with increasing RH and was significantly higher at 17 
90% RH compared with 75% RH and 60% RH, and significantly higher at 75% RH 18 
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than at 60% RH (Table 7.3). The peak predator release rate was a few days earlier at 1 
60% RH (day 12) compared with the higher levels of RH (day 17) and the sachet 2 
longevity was reduced with no predator output after day 28. The predator release rate 3 
at 90% RH was still above eight A. swirskii per day on day 35 indicating that the 4 
sachet release could have continued beyond the time frame of the current experiment. 5 
 6 
Figure 7.1 Predator release profile - RH 7 
Average daily release of Amblyseius swirskii from breeding sachets exposed to 8 
different levels of relative humidity at 25oC (n = 10). Error bars illustrate the 9 
standard error of the mean. Different letters indicate significantly different release 10 
profiles (p< 0.05). 11 
The total number of A. swirskii released from the sachets over the five week period 12 
was significantly higher at 90% RH than at 75% RH and 60% RH, and significantly 13 
higher at 75% RH than at 60% RH (Figure 7.2). The total number of S. medanensis 14 
released from the sachets over the five week period was significantly higher at 60% 15 
RH than at 75% RH (z = 6.51, p < 0.001) and 90% RH (z = 7.21, p < 0.001), but 16 
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there was no significant difference between prey output at 75% RH and 90% RH 1 
(Figure 7.3). The moisture content of the carrier medium at the beginning of the trial 2 
was 19.99% ± 0.13 (S.E.) for all treatments. At the end of the experiment the 3 
moisture content measured 12.25% ± 0.17, 15.86% ± 0.36 and 32.91% ± 1.29 for RH 4 
levels 60%, 75% and 90% respectively. 5 
 6 
Figure 7.2 Cumulative predator release - RH 7 
Cumulative release of Amblyseius swirskii from breeding sachets exposed to 8 
different levels of relative humidity at 25oC (n = 10). Different letters indicate 9 
significant difference in total output (p < 0.05). 10 
0 5 10 15 20 25 30 35
0
50
0
10
00
15
00
20
00
Time (days)
Cu
m
u
la
tiv
e
 
pr
e
da
to
r 
re
le
a
se
c
b
a90% RH
75% RH
60% RH
161 
 
 1 
Figure 7.3 Cumulative prey release - RH 2 
Cumulative release of Suidasia medanensis from breeding sachets exposed to 3 
different levels of relative humidity at 25oC (n = 10). Different letters indicate 4 
significant difference in total output (p < 0.05). 5 
7.3.2 Effect of temperature on predator output 6 
Temperature had a significant effect on predator output from the breeding sachets (z 7 
= 142.86, p < 0.001) (Figure 7.4). The predator release profile was significantly 8 
different at 20oC compared with 25oC and 30oC, and significantly different at 25oC 9 
than at 30oC (Table 7.3). Constant temperature of 30oC prompted higher predator 10 
release rates in the first 5 and 12 days compared with at 25oC and 20oC, respectively. 11 
The peak daily predator output was lower and earlier (day 12) than at the lower 12 
temperatures (day 17) and the release period shorter with no predators leaving the 13 
sachet after day 31. Sachets at 20oC were still releasing A. swirskii on day 35. 14 
Sachets at 20oC exhibited a lower early release than sachets at 25oC but with similar 15 
peak and post-peak release. 16 
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 1 
Figure 7.4 Predator release profile - temperature 2 
Average daily release of Amblyseius swirskii from breeding sachets exposed to 3 
different temperatures at 75% relative humidity (n = 10). Error bars illustrate the 4 
standard error of the mean. Different letters indicate significantly different release 5 
profiles (p < 0.05). 6 
The total number of A. swirskii released during the experiment was similar for 7 
sachets at 20oC and 25oC (Figure 7.5). Sachets exposed to 30oC released significantly 8 
fewer predators compared with sachets at 25oC and 20oC (Table 7.3). The output of 9 
prey at 30oC was very high with significantly greater total release than at 25oC (z = 10 
14.51, p < 0.001) and 20oC (z = 10.33, p < 0.001) (Figure 7.6). The total prey release 11 
at 20oC and 25oC was at a similar level but significantly higher at 25oC (z = 3.74, p < 12 
0.001). The moisture content of the carrier medium at the beginning of the trial was 13 
19.98% ± 0.17 for all treatments. At the end of the experiment the moisture content 14 
measured 17.63% ± 0.19, 15.02% ± 0.16 and 15.98 ± 0.31% for 20oC, 25oC and 15 
30oC respectively. 16 
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 1 
Figure 7.5 Cumulative predator release - temperature 2 
Cumulative release of Amblyseius swirskii from breeding sachets exposed to 3 
different temperatures at 75% relative humidity (n = 10). Different letters indicate 4 
significant difference in total output (p < 0.05). 5 
Table 7.3 Statistical analysis of sachet release trials 6 
Overview of the results from the comparative analysis of release profiles (GLMM) 7 
and total release (GLM with quasipoisson errors) under the specific test conditions . 8 
 Release profile Total release 
Treatment z value p value z value p value 
Trial 1 - RH     
75% ↔ 90% 58.26 < 0.001 7.88 < 0.001 
75% ↔ 60% 46.40 < 0.001 6.15 < 0.001 
90% ↔ 60% 93.65 < 0.001 12.53 < 0.001 
Trial 2 - Temperature    
25oC ↔ 30oC 40.01 < 0.001 5.67 < 0.001 
25oC ↔ 20oC 5.77 < 0.001 0.82 = 0.692 
30oC ↔ 20oC 34.54 < 0.001 4.89 < 0.001 
 9 
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 1 
Figure 7.6 Cumulative prey release - temperature 2 
Cumulative release of Suidasia medanensis from breeding sachets exposed to 3 
different temperatures at 75% relative humidity (n = 10). Different letters indicate 4 
significant difference in total output (p < 0.05). 5 
7.3.3 Effect of alternating conditions on predator output 6 
The predator release profile from sachets exposed to alternating environmental 7 
conditions was similar to that of sachets at constant conditions with the same average 8 
temperature and RH over a 24 h cycle (Figure 7.7). There was a significant 9 
difference in the release rate due to a difference in early release, indicated by the 10 
intercept of the regression lines being different by more than two standard errors (M. 11 
J. Crawley pers. comm.).  12 
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 1 
Figure 7.7 Predator release profile - alternating conditions 2 
Average daily release of Amblyseius swirskii from breeding sachets exposed to 3 
alternating levels of temperature and relative humidity over a 24 h cycle, compared 4 
with constant conditions (n = 10). Error bars illustrate the standard error of the mean. 5 
Different letters indicate significant difference in release profiles (p < 0.05). 6 
The total number of A. swirskii released by the end of the experiment was similar for 7 
both treatments with no significant difference (z = 1.17, p = 0.47) (Figure 7.8). The 8 
total output of prey was significantly higher at alternating conditions compared with 9 
constant conditions (z = 2.53, p < 0.05) (Figure 7.9) with release rates remaining 10 
high at the end of the experiment. The moisture content of the carrier medium was 11 
20.16% ± 0.34 at the start of the experiment and 15.04% ± 0.16 and 15.49% ± 0.15 12 
after five weeks for sachets exposed to alternating conditions and constant 13 
conditions, respectively. 14 
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 1 
Figure 7.8 Cumulative predator release - alternating conditions 2 
Cumulative release of Amblyseius swirskii from breeding sachets at alternating levels 3 
of temperature and relative humidity over a 24 h cycle, compared with constant 4 
conditions (n = 10). Different letters indicate significant difference in total output (p 5 
< 0.05). 6 
 7 
Figure 7.9 Cumulative prey release - alternating conditions 8 
Cumulative release of Suidasia medanensis from sachets at alternating levels of 9 
temperature and relative humidity compared with constant conditions (n = 10). 10 
Different letters indicate significant difference in total output (p < 0.05). 11 
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7.4 Discussion 1 
Predatory mite breeding sachets spend several weeks in a crop and are subjected to 2 
the fluctuating climatic conditions in the crop environment. External weather 3 
conditions will influence the protected crop environment differently depending on 4 
the type of cropping structure and the degree of climatic control available. Cropping 5 
structures can range from simple plastic structures and open polythene tunnels with 6 
very little climatic control to modern high-tech glasshouses with full environmental 7 
control, which will affect the performance of BCAs (Gerson & Weintraub 2012). 8 
Environmental conditions can change the dynamics between a predator and its prey 9 
(Stenseth 1979; Nachman 1988; Malais & Ravensberg 2003; Gerson & Weintraub 10 
2012), which in a breeding sachet may influence the productivity of the system and 11 
therefore the predator release rate (see Chapter 6).  12 
Relative humidity is known to be an important factor for the survival and 13 
development of phytoseiid mites (Stenseth 1979; Bakker et al. 1993; Shipp & van 14 
Houten 1997; Bolckmans et al. 2005; Ferrero et al. 2010) and can affect the moisture 15 
content of the carrier medium and therefore the productivity of breeding sachets 16 
(Sampson 1998). The output of A. swirskii from the breeding sachets was 17 
significantly affected by RH with higher initial release, higher total release and 18 
potentially prolonged sachet longevity at 90% RH compared with the lower RH 19 
regimes. At 60% RH the total predator release was lower with an earlier peak than at 20 
higher RH levels and with reduced sachet longevity. The moisture content of the 21 
carrier medium in sachets exposed to 60% RH was considerably lower at the end of 22 
the experiment compared with higher RH levels. This suggests that moisture loss had 23 
been more rapid creating an unfavourable internal environment with a negative 24 
impact on population growth rates and stimulating dispersal from the sachet 25 
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(Nachman 1988; Sampson 1998; Buitenhuis et al. 2014a). High release rates of S. 1 
medanensis at 60% RH indicate a combination of poor control of the prey population 2 
inflicted by the predators and, prey emigration from the medium due to unfavourable 3 
dry conditions.  4 
The moisture content of the carrier medium in sachets at 90% RH had increased by 5 
the end of the experiment indicating that desiccation was not the limiting factor in 6 
the longevity of the system. With predator release being correlated with the internal 7 
sachet population (Chapter 6) it is likely that both predator and prey populations 8 
reached high densities and therefore prey food may have been a limiting factor. 9 
Equally, due to the high predator output and comparatively low prey output it is 10 
possible that a higher starting density of S. medanensis would have allowed 11 
prolonged predator productivity in high humidity conditions, which favours 12 
phytoseiid population growth. The initial predator-prey ratio is an essential factor in 13 
the stability and productivity of a system and is controlled by the predation rate and 14 
the intrinsic rate of increase of both populations (Janssen & Sabelis 1992).  15 
Reduced prey productivity and availability would lead to a reduction in predator 16 
productivity (Janssen & Sabelis 1992; Holt & Lawton 1994; Nachappa et al. 2011) 17 
leading to the expiration of the sachet. The lower prey output at 75% RH and 90% 18 
RH suggest that predators reduced prey populations more in these sachets than those 19 
at 60% RH and that the prey was less stimulated to disperse from the carrier medium. 20 
This further indicates that the prey food or prey population is the limiting factor for 21 
continued productivity in favourable conditions whereas desiccation of the carrier 22 
medium is the limiting factor in dry conditions. 23 
169 
 
Temperature can affect the population growth rates with development time for A. 1 
swirskii decreasing with increasing temperature (Allen 2009; Lee & Gillespie 2011). 2 
Lower and upper temperature thresholds have been reported to be 11oC and 37oC 3 
respectively, with optimum temperature range of 20-32oC (Allen 2009; Lee & 4 
Gillespie 2011). The predator-prey population dynamics however, can change 5 
depending on the temperature response of different species (Vangansbeke et al. 6 
2013; Vangansbeke et al. 2015a) and the effect of temperature on the predation rate 7 
of the predator (Shipp et al. 1996; Zilahi-Balogh et al. 2007; Critchley et al. 2014; 8 
Hewitt et al. 2015). In the current study, temperatures of 20oC and 25oC had a similar 9 
effect on total predator output but with a significantly reduced predator output at 10 
30oC. In response to the higher temperature, the sachets released A. swirskii at a 11 
increased rate pre-peak release but with a lower and earlier peak release and reduced 12 
post-peak release. The output of S. medanensis at 30oC was very high and far 13 
exceeding that observed in any other sachet trials, suggesting that the population 14 
growth rates of the prey exceeded that of the predation rate and population growth 15 
rate of the predator at this temperature.  16 
The higher early release of A. swirskii may be in response to a very high prey mite 17 
density (Nachman 1988) or due to mites being more active at higher temperatures 18 
and therefore more likely to disperse (Berry & Holtzer 1990; Skirvin & Fenlon 2003; 19 
Allen 2009). This will affect the number of predators remaining in the sachet to drive 20 
the productivity of the predator population and hence the number of predators 21 
available to control the prey population. The low prey output at 20oC and predators 22 
still released on day 35 suggests that the predation rate and predator population 23 
growth rate exceeded that of the prey population at this temperature. Prey availability 24 
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may have been the main limiting factor for predator productivity at 20oC and thus the 1 
sachet might benefit from a higher initial prey-predator ratio. 2 
Although A. swirskii population growth rates are higher at 30oC, primarily due to 3 
shorter development time, the adult longevity is reduced at higher temperatures (Lee 4 
& Gillespie 2011). Egg-to-adult development time and oviposition rate at peak 5 
fecundity are the primary factors governing population growth rates (Birch 1948) but 6 
the adult female is the main feeding stage (Shipp & Whitfield 1991) and reduced 7 
adult longevity will inevitably result in reduced overall predation, thus favouring 8 
population growth of the prey. Furthermore, it is likely that the egg-to-adult 9 
development time for S. medanensis is shorter at higher temperatures meaning that 10 
the eggs and young nymphs, which are the preferred prey life stages for A. swirskii 11 
(see Chapter 4), are available for a shorter period of time before progressing to the 12 
mature life stage. This may affect the ability of A. swirskii to control the S. 13 
medanensis population and the productivity of the predator in response to fewer 14 
available favoured prey stages. Whether the faster development time affects the 15 
defence response of adult S. medanensis is unknown.  16 
Similar effects have been reported for the phytoseiid predator P. persimilis where hot 17 
and dry conditions favour development of its prey T. urticae making it difficult for 18 
the predator to control the prey population (Malais & Ravensberg 2003; Gerson & 19 
Weintraub 2012). The moisture content of the carrier medium was reduced by the 20 
end of the experiment but to a similar level as the sachets at 25oC. Only the sachets at 21 
20oC had lost less moisture, suggesting that moisture loss could explain the reduced 22 
sachet productivity and output by the end of the experiment but not the premature 23 
end of the sachets at 30oC. 24 
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Sachets in the experiment with alternating conditions were exposed to unfavourable 1 
high temperatures and low RH in the day and favourable low temperatures and high 2 
RH at night with an average of 25oC and 75% RH over a 24 h cycle. These sachets 3 
exhibited a similar predator release pattern and total predator release over five weeks 4 
to sachets exposed to constant conditions corresponding to the average of the 5 
alternating conditions. The GLMM analysis indicated a significant difference in the 6 
predator release profile due to a difference in the intercept of the regression lines. 7 
This may be explained by a higher initial predator output as the trial was set up under 8 
day time conditions with high temperature and low RH, which may have stimulated 9 
an initial dispersal burst. It did not however, affect the overall performance of the 10 
sachet.  11 
The total output of S. medanensis was significantly higher under alternating 12 
conditions compared with constant conditions suggesting that the positive effect of 13 
prey productivity at higher temperatures outweighed the reduced productivity at 14 
lower temperatures. This is in accordance with Vangansbeke et al. (2013) who found 15 
that the development time of the two phytoseiid mites P. persimilis and N. 16 
californicus and their prey T. urticae was shorter in an alternating temperature 17 
regime compared to the constant conditions at the corresponding mean temperature. 18 
Prey output increased exponentially after the peak predator release, which indicates 19 
that the positive effect of alternating conditions on prey productivity was primarily 20 
expressed after a reduction in predator productivity. As the predator population 21 
decreased, possibly due to desiccation of the carrier medium, the difference in prey 22 
population increase was manifested by the prey output. There was no difference in 23 
the carrier medium moisture content at the end of the trial, it can therefore be 24 
concluded that the high RH at night compensated for the low RH during the day. 25 
172 
 
In terms of predator output, there was no noteworthy effect of alternating 1 
temperature and RH compared with constant conditions. The periods of unfavourable 2 
conditions were compensated for by periods of favourable conditions. Any increase 3 
in the prey population growth rate in alternating conditions (Vangansbeke et al. 4 
2013) was kept under control by the predator and only detected once the predator 5 
population was decreasing. These are important results as climatic conditions in the 6 
crop are likely to fluctuate during a 24 h cycle, even in modern glasshouses with 7 
highly controlled conditions where temperature integration regimes are used, as big 8 
differences between night and day time conditions may be tolerated to save on 9 
energy costs (Vangansbeke et al. 2013; Messelink et al. 2014). In fact, temperature 10 
integration regimes can be beneficial to the productivity of the sachet allowing lower 11 
night temperatures to compensate for higher day temperatures.  12 
Extreme peaks and troughs of temperature and RH was not tested in the current 13 
study, which may have a negative effect on BCAs and thus on the productivity of the 14 
sachet (Lee & Gillespie 2011; Gillespie et al. 2012; Buitenhuis et al. 2014a; 15 
Critchley et al. 2014). Consequently, placement of breeding sachets in the crop can 16 
play an important role in the success of such phytoseiid deployment systems. By 17 
placing the sachets in the shade of the crop with minimum exposure to direct sunlight 18 
the local microclimate may keep a few degrees cooler and slightly higher RH and 19 
therefore benefiting the productivity, longevity and predator output from the sachet 20 
system (Buitenhuis et al. 2014a). 21 
The study conducted here does not represent field realistic conditions but provides an 22 
insight into the basic understanding of the effect these different parameters have on a 23 
breeding sachet. Constant conditions with temperatures of 30oC and RH of 60% can 24 
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reduce predator output from the sachets but periods of more favourable conditions 1 
can compensate for this. Sachets at 20oC and 90% RH indicated a potential of 2 
continued predator release after the five week period and would potentially benefit 3 
from having a higher initial prey density. The complexity increases in a field 4 
scenario where the climatic conditions change, not only within a 24 h cycle, but from 5 
day-to-day and week-by-week depending on external conditions. Further research 6 
should focus on field studies and how the A. swirskii breeding sachets perform in 7 
different crops at different times of the year. Additionally, the effect of short periods 8 
of extreme conditions, particularly peak temperatures and low RH, on the sachet 9 
system should be examined.   10 
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Chapter 8 Compatibility of A. swirskii with Beauveria bassiana  1 
8.1 Introduction 2 
Augmentative biocontrol in protected crops normally involves multiple species of 3 
BCAs targeting the same or different pest species (Shipp et al. 2003; Labbe et al. 4 
2009; Chow et al. 2010; Messelink et al. 2011). Although A. swirskii has been shown 5 
to control whitefly and thrips outbreaks on its own (Messelink et al. 2006; Chow et 6 
al. 2010; Messelink et al. 2010; Calvo et al. 2011), combining its use with other 7 
BCAs can enhance pest control, particularly when the BCAs do not compete directly 8 
but exploit different life stages of the same pest (Calvo et al. 2009; Dogramaci et al. 9 
2011). Other BCAs may have a negative impact on A. swirskii (Chow et al. 2010) 10 
and, equally, A. swirskii may interact with other concurrent BCAs disrupting their 11 
biocontrol functions (Buitenhuis et al. 2010b; Messelink et al. 2011). Beauveria 12 
bassiana is currently used in conjunction with arthropod parasitoids and predators in 13 
protected vegetables and ornamentals as an IPM strategy (Shipp et al. 2012), thus 14 
exposure of A. swirskii to B. bassiana in the field is likely. It is therefore important to 15 
consider, not only the efficacy of the BCAs at controlling the target pests, but also 16 
the compatibility among the BCAs for concomitant use in an IPM programme in 17 
order to minimise negative interactions. 18 
 19 
In the field A. swirskii is primarily used in inoculation biocontrol preventing pest 20 
establishment and controlling light whitefly and thrips infestations (Nomikou et al. 21 
2002; van Houten et al. 2005; Messelink et al. 2010; Calvo et al. 2011). At high pest 22 
pressure curative control by predatory mites may be insufficient and predators may 23 
avoid high density patches (Medd & GreatRex 2014). The fungal entomopathogen B. 24 
bassiana, on the other hand, is more commonly used in inundation biocontrol to 25 
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suppress larger outbreaks of arthropod pests as a curative approach (Wraight et al. 1 
2000; Faria & Wraight 2001; Inglis et al. 2001; Jacobson et al. 2001a; Lacey et al. 2 
2001; Shipp et al. 2003). As both A. swirskii and B. bassiana target whitefly and 3 
thrips it is natural to consider them as complementary intraguild BCAs; A. swirskii 4 
for preventative control and B. bassiana for curative control. For the most part they 5 
do not exploit the same life stages of the pests in question. Amblyseius swirskii 6 
primarily feed on whitefly eggs and first instar nymphs (Nomikou et al. 2004), while 7 
B. bassiana is most virulent against second and third instar whitefly (James et al. 8 
2003). Beauveria bassiana exhibits low pathogenicity to whitefly adults and no 9 
pathogenicity to eggs (Mascarin et al. 2013) making the first instar nymphs the only 10 
life stage where the two BCAs compete. Similarly, there is little competition between 11 
these two BCAs for the thrips life stages as A. swirskii mainly attack larvae of thrips 12 
(Wimmer et al. 2008; Arthurs et al. 2009) whereas adult thrips are more susceptible 13 
to B. bassiana than nymphs (Ugine et al. 2005a). 14 
Compatibility of intraguild BCAs is not just governed by competition for the same 15 
host but also the direct and indirect impact they may have on each other. 16 
Entomopathogens in particular, may have a detrimental effect on beneficial 17 
arthropods due to their wide host range but this will depend on pathogen strain and 18 
host species. For instance, B. bassiana has been found to be infectious to 19 
hymenopteran parasitoids (Ludwig & Oetting 2001; Shipp et al. 2003) and may 20 
potentially disrupt their biocontrol function. Despite the wide host range of B. 21 
bassiana virulence has only been reported to relatively few species of mites 22 
(Chandler et al. 2000). Predatory mites often show slight to moderate levels of 23 
susceptibility (terminology according to the IOBC toxic classes, Table 8.1) to B. 24 
bassiana in laboratory studies (Shipp et al. 2003; Castagnoli et al. 2005; Duso et al. 25 
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2008; Pozzebon & Duso 2010; Numa Vergel et al. 2011), and little impact on their 1 
populations in field studies, indicating that these BCAs are compatible (Jacobson et 2 
al. 2001a; Ludwig & Oetting 2001; Shipp et al. 2003; Chandler et al. 2005; Shipp et 3 
al. 2012). Interactions between arthropods and entomopathogens are, however, 4 
complex (Aqueel & Leather 2013) and the impact of sublethal effects and predators 5 
feeding on infected hosts are poorly understood (Pozzebon & Duso 2010; 6 
Ravensberg 2011; Seiedy et al. 2012a; Shipp et al. 2012; Agboton et al. 2013). 7 
Table 8.1 Classification of toxic compounds for arthropods 8 
IOBC toxic classes for laboratory studies of pesticide side-effects on non-target 9 
organisms (Boller et al. 2006). 10 
Mortality Toxic class Terminology 
< 30% 1 Slightly harmful 
30 – 79% 2 Moderately harmful 
80 – 99% 3 Harmful 
> 99% 4 Harmful 
 11 
Laboratory trials often yield higher mortality than field realistic scenarios (Ludwig & 12 
Oetting 2001; Shipp et al. 2003; Zimmermann 2007; Numa Vergel et al. 2011) but 13 
offer the first step in the knowledge of whether a pathogen can infect a potential host 14 
by direct exposure under ideal conditions for the pathogen. Beauveria bassiana and 15 
A. swirskii offer a good potential to complement each other in whitefly and thrips 16 
control but surprisingly there have been very few reports on their compatibility. 17 
Shipp et al. (2012) demonstrated that B. bassiana spores vectored by bumblebees did 18 
not cause increased mortality or affect predation rates of A. swirskii compared with 19 
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an untreated control. Seiedy et al. (2015) reported strain dependent susceptibility of 1 
A. swirskii to B. bassiana when directly exposed under laboratory conditions but 2 
none of the three strains tested are commercially available. There is no published 3 
literature however, on the effect of the commercially available strains of B. bassiana 4 
on A. swirskii, or the sublethal effects that B. bassiana may elicit in A. swirskii. 5 
The aim of this study was to establish the potential of the commercially available B. 6 
bassiana strain GHA to infect and kill A. swirskii under optimal conditions for the 7 
pathogen and to investigate the sublethal effects when subjected to topical 8 
application of B. bassiana spore suspensions and/or dry residues on leaf discs. The 9 
hypothesis tested was that, due to the wide host range of this pathogen, A. swirskii 10 
would be susceptible to B. bassiana, but sublethal infections were not expected to 11 
affect fecundity or subsequent offspring, while juvenile A. swirskii were expected to 12 
be less susceptible due to frequent moulting. 13 
8.2 Materials & Methods 14 
8.2.1 Fungal cultures 15 
Laboratory cultures of B. bassiana strain GHA were established from the 16 
commercial product BotaniGard® 22 WP (Laverlam International Corporation, 17 
USA). BotaniGard® was evenly distributed across 6% Sabouraud Dextrose Agar 18 
(SDA) (Oxoid Ltd., Basingstoke, UK) in Petri dishes (90 mm) by spread plating 100 19 
µl spore suspensions in an outward circular motion using an L-shaped spreader. 20 
Cultures were sealed with Parafilm® (Pechiney Inc., Chicago, USA) and stored 21 
upside-down in darkness at 25oC and 75% RH for 14 days. Sub-cultures were 22 
prepared by spread plating spore suspensions, as described below. 23 
178 
 
8.2.2 Preparation of spore suspensions 1 
Following 14 days of incubation the B. bassiana cultures were dried by removing the 2 
Petri dish lid and placing the cultures in 25oC and 40% RH for 18 h (Baxter 2008). 3 
Conidia were dislodged and collected by tapping the Petri dish containing the culture 4 
into a sterile glass funnel leading to a sterile glass bottle. The conidia collected from 5 
10 plates were suspended in 5 ml water with 0.02% Tween® 80 (Fisher Scientific, 6 
USA), mixed well and vortexed for 2 min. All equipment was cleaned with 70% 7 
alcohol and steam sterilised before use. 8 
Spore concentration was estimated by counting the number of conidia present in the 9 
four main squares of a Neubauer Haemocytometer 0.1 mm (Hawksley, UK) 10 
representing spore concentration in 0.1 µl per square. Spores touching the left and 11 
the upper side of the grid were included, spores touching the right and bottom sides 12 
were excluded.  A sub-sample of the spore suspension was diluted 16-fold in order to 13 
attain reliable counts. The spore concentration in the original suspension was 14 
calculated based on the spore concentration estimate from the diluted sub-sample, 15 
along with the dilution factor required to obtain the desired concentrations. Spore 16 
suspensions were diluted to 2.5 x 107 spores/ml and 1 x 108 spores/ml, representing 17 
the lowest recommended rate for whitefly and the highest recommended rate for 18 
thrips, respectively, according to the BotaniGard® 22 WP label. Six replicate spore 19 
suspensions were prepared per treatment for each experiment.  20 
To estimate spore viability of the conidia 100 µl spore suspensions were applied onto 21 
a thin layer of SDA on a microscope slide placing a cover slip on top (Bugeme et al. 22 
2008). The slides were stored in darkness at 25oC, 75% RH for 18 h. Germination 23 
rate was estimated by assessing 100 spores in four different fields of view per slide 24 
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(Liu et al. 2003). A spore was considered successfully germinated when the germ 1 
tube was at least as long as the diameter of the spore (Liu et al. 2003). Spore viability 2 
was estimated from each replicate of the two spore concentrations. 3 
8.2.3 Treatments 4 
Topical application to adult A. swirskii females, age 2-4 days, was conducted by 5 
immersing individual mites in B. bassiana spore suspensions of 2.5 x 107 spores/ml 6 
or 1 x 108 spores/ml for 30 s (Dennehy et al. 1993; Pozzebon & Duso 2010). A 7 
0.02% Tween® 80 solution was used as a control. The mites were then placed on 8 
filter paper to drain off excess liquid (Dennehy et al. 1993; Pozzebon & Duso 2010) 9 
prior to transfer onto 50 mm diameter leaf discs. Ten A. swirskii were immersed in 10 
each of the six replicate spore suspensions, or the control solution, representing 11 
pseudo-replicates of the six true replicates. 12 
Leaf discs with dry residue of B. bassiana were prepared by immersing 50 mm leaf 13 
discs in spore suspensions of 2.5 x 107 spores/ml or 1 x 108 spores/ml for 30 s and air 14 
drying them for 1 h (Dennehy et al. 1993; Pozzebon & Duso 2010). Leaf discs 15 
immersed in 0.02% Tween® 80 solution were used as controls. One leaf disc was 16 
immersed in each of the six replicate spore suspensions, or the control solution.  17 
8.2.4 Bioassays 18 
Amblyseius swirskii were exposed to B. bassiana by topical application, dry residue 19 
on leaf discs or a combined exposure with topical application followed by dry 20 
residue exposure (Pozzebon & Duso 2010). Ten pseudo-replicate mites were placed 21 
in each 50 mm leaf disc (n = 6) and provided with pollen (Typha sp.) ad libitum. The 22 
mites in the dry residue and combined exposure trials were allowed to forage on B. 23 
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bassiana residues for four days (Bugeme et al. 2008) representing the persistence of 1 
spores on the top leaves of a plant in the field (Inglis et al. 1993). The trial arenas 2 
were kept at 25oC, 90% RH and 16L:8D to maximise the likelihood of fungal 3 
infection.  4 
Survivorship and fecundity were monitored once per day for 10 days, removing the 5 
eggs from the leaf discs each day. On day 1, 4, 7 and 10 post-treatment eggs were 6 
collected and transferred collectively onto one leaf disc per replicate. The offspring 7 
were monitored for 6 days recording egg viability, juvenile survival and sex ratio. 8 
Dead mites were transferred to Petri dishes with moistened filter paper to encourage 9 
sporulation. Death by mycosis was confirmed by sporulation or red colouration of 10 
cadavers. The identity of fungal growth on cadavers was confirmed to genus level by 11 
microscopic investigation of lactophenol blue (Fluka Analytical, Sigma-Aldrich 12 
Chemie GmbH, Germany) stained conidiophores and conidia at magnification x400, 13 
according to Humber (1997). 14 
The effect of B. bassiana residues on juvenile A. swirskii was studied to simulate the 15 
impact on new founding populations of mites dispersing into a newly treated crop. 16 
Gravid A. swirskii were allowed to oviposit on dry residue for 16 h. The eggs 17 
deposited were corrected to 15 per replicate leaf disc (n = 6) and reared to adulthood 18 
for six days on B. bassiana dry residue, recording egg viability and juvenile survival.  19 
The surviving adult females were transferred to clean leaf discs and monitored for a 20 
further ten days for survivorship and fecundity. The offspring of these mites were not 21 
monitored. 22 
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8.2.5 Data analysis 1 
Survival rates during the experiments were analysed using the Kaplan-Meier 2 
function with the Weibull distribution, as outlined in section 2.6 of Chapter 2.  3 
Median lethal time (LT50), the time taken for half the population to die, was 4 
estimated using logistic regression followed by the function dose.p in the MASS 5 
library of R (Crawley 2007). LT50 values were compared by ratio tests using the 6 
comped function in the ‘drc’ package (Ritz & Strebig 2013) where LT50 values on 7 
the log scale are considered significantly different if the confidence interval of the 8 
ratio does not overlap 0 (Wheeler et al. 2006). This method gives an indicative 9 
statistical difference but does not provide a p value. 10 
Mortality caused by mycosis was compared between treatments using GLM with 11 
binomial errors. Fecundity rates were analysed using GLMM with binomial errors, 12 
where the proportion is the total number of eggs on a given day in a replicate leaf 13 
disc to the number of surviving female mites in that leaf disc on that day. Treatment 14 
was set as the fixed effect and replication and time as random effects. Egg viability, 15 
juvenile survival and sex ratio of offspring was analysed by GLM with binomial 16 
errors. Tukey’s post hoc analysis was conducted to identify significant differences 17 
between treatments (see section 2.6 in Chapter 2). 18 
8.3 Results 19 
8.3.1 Survivorship 20 
Spore viability was > 95% in all experiments (see Figure B6, Appendix B). 21 
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The B. bassiana treatments had a significant effect on the survival rates of adult A. 1 
swirskii compared with the control treatment. On dry residue the spore suspension 2 
with 1 x 108 spores/ml significantly reduced survival compared with the control 3 
treatment (z = 2.97, p < 0.01), although there was no significant difference between 4 
this treatment and the 2.5 x 107 spores/ml treatment, nor between the latter and the 5 
control (Figure 8.1).  6 
 7 
Figure 8.1 Survivorship of Amblyseius swirskii - dry residue 8 
Survival of A. swirskii adults exposed to dry residue of Beauveria bassiana spore 9 
suspensions (n = 6). Different letters indicate significant difference in survival rate as 10 
analysed by the Kaplan-Meier function with the Weibull distribution (p < 0.05).  11 
Topical application of B. bassiana significantly reduced the survival rates of adult A. 12 
swirskii for both 2.5 x 107 spores/ml (z = 2.92, p < 0.01) and 1 x 108 spores/ml (z = 13 
3.70, p < 0.001) compared with the control treatment. There was no significant 14 
difference between the two B. bassiana treatments (Figure 8.2).  15 
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 1 
Figure 8.2 Survivorship of Amblyseius swirskii - topical treatment 2 
Survival of A. swirskii adults following topical treatment of Beauveria bassiana 3 
spore suspensions (n = 6). Different letters indicate significant difference in survival 4 
rate as analysed by the Kaplan-Meier function with the Weibull distribution (p < 5 
0.05). 6 
Combined exposure to topical application and dry residue of B. bassiana 7 
significantly reduced the survival rates of adult A. swirskii for both 2.5 x 107 8 
spores/ml (z = 3.39, p < 0.01) and 1 x 108 spores/ml (z = 3.68, p < 0.001) compared 9 
with the control treatment. There was no significant difference between the two B. 10 
bassiana treatments (Figure 8.3).  11 
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 1 
Figure 8.3 Survivorship of Amblyseius swirskii - combined treatment 2 
Survival of A. swirskii adults receiving topical treatment combined with exposure to 3 
dry residue of Beauveria bassiana spore suspensions (n = 6). Different letters 4 
indicate significant difference in survival rate as analysed by the Kaplan-Meier 5 
function with the Weibull distribution (p < 0.05). 6 
Beauveria bassiana did not affect survival rates of juvenile A. swirskii reared from 7 
egg to adult on dry residue and monitored for a further 10 days after final ecdysis 8 
(Figure 8.4). There was no treatment effect on egg viability and juvenile survival was 9 
similar in all treatments. 10 
The scale parameter was < 1 in all experiments indicating that the risk of dying 11 
decreases with time (Crawley 2007) which suggests the time frame of observation 12 
(10 days) was sufficient to capture the majority of the mites dying as a result of the 13 
treatment. 14 
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 1 
Figure 8.4 Survivorship of Amblyseius swirskii - juveniles on dry residue 2 
Survival of juvenile A. swirskii exposed to dry residue of Beauveria bassiana spore 3 
suspensions during the immature stages and subsequently followed for ten days (n = 4 
6). Different letters indicate significant difference in survival rate as analysed by the 5 
Kaplan-Meier function with the Weibull distribution (p < 0.05). 6 
None of the treatments resulted in death of half the population but the LT50 was 7 
modelled by GLM and is summarised in Table 8.2. The spore suspension of 1.0 x 108 8 
spores/ml significantly reduced the LT50 compared with 2.5 x 107 spores/ml in the 9 
dry residue and topical application, but there was no difference between the two 10 
treatments in the combined exposure experiment and with juvenile A. swirskii on dry 11 
residue. The LT50 was significantly shorter for B. bassiana treated mites compared 12 
with the controls in all experiments. There was no significant difference in LT50 13 
among experiments for adult A. swirskii treated with 1.0 x 108 spores/ml, but the 14 
combined exposure experiment reduced the LT50 significantly compared with the dry 15 
residue for adults treated with 2.5 x 107 spores/ml. The juvenile A. swirskii on dry 16 
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residue exhibited significantly higher LT50 than the adults across treatments in all 1 
experiments. The control LT50 was significantly different among all experiments. 2 
Table 8.2 Median lethal time 3 
Median lethal time (LT50) values (days ± SE) of Amblyseius swirskii exposed to 4 
different treatments of Beauveria bassiana spore suspensions (n = 6). Different upper 5 
case letters indicate significant difference between treatments within the same 6 
experiment, different lower case letters indicate significant difference for the same 7 
treatment across experiments (p < 0.05). 8 
Treatment Dry residue Topical  Combined  Juveniles  
Control 41.60  
(± 1.85)Aa 
18.42  
(± 1.28)Ab 
29.21  
(± 2.02)Ac 
56.26  
(± 1.42)Ad 
2.5 x 107 16.48  
(± 1.18)Ba 
13.97  
(± 1.13)Bab 
11.24  
(± 1.08)Bb 
32.97  
(± 1.22)Bc 
1.0 x 108 12.75  
(± 1.12)Ca 
10.05  
(± 1.08)Ca 
9.54  
(± 1.05)Ba 
35.50  
(± 1.24)Bb 
 9 
Mites with confirmed mycosis were observed in all B. bassiana treatments except 10 
with juveniles reared on the dry residue of the spore suspension with 2.5 x 107 11 
spores/ml (Figure 8.5). Many mites became pink to dark red after death followed by 12 
sporulation 1-3 days post-mortem (Figure 8.6). Some mites exhibited sporulation 13 
shortly after death with no change in colouration. Mycosis was displayed in a higher 14 
proportion of dead mites at the highest spore concentration but there was no 15 
significant difference in the level of mycosis between treatments in the same 16 
experiment or between corresponding treatments in different experiments. No 17 
mycosis was observed in the control treatments.  18 
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 1 
Figure 8.5 Mortality by mycosis 2 
Mean proportion of Amblyseius swirskii from the replicate cohorts with confirmed 3 
mycosis as a result of exposure to different Beauveria bassiana treatments (n = 6). 4 
Error bars indicate standard error of the mean, horizontal lines indicate overall 5 
mortality after ten days. 6 
 7 
Figure 8.6 Mycosis in Amblyseius swirskii 8 
Adult A. swirskii displaying the characteristic red colouration with subsequent white 9 
sporulation following infection with Beauveria bassiana strain GHA (mag. x40 (left) 10 
and x50 (right)). 11 
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8.3.2 Fecundity 1 
The oviposition rate decreased with time in all treatments and the number of eggs 2 
deposited per female per day decreased at a higher rate for A. swirskii treated with B. 3 
bassiana than for control mites. The lower oviposition rate for B. bassiana treated 4 
mites was not significantly different from the control for mites exposed to dry 5 
residues (Figure 8.7).  6 
 7 
Figure 8.7 Fecundity - dry residue 8 
Mean daily fecundity of Amblyseius swirskii adults exposed to dry residue of 9 
Beauveria bassiana spore suspensions (n = 6). Error bars represent standard error of 10 
the mean. Different letters indicate significantly different trend in oviposition rates as 11 
analysed by generalized linear mixed models (p < 0.05). 12 
For mites receiving topical treatment the oviposition rate was significantly reduced 13 
for mites treated with 2.5 x 107 spores/ml compared with the control (z = 2.38, p < 14 
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0.05) but not for mites treated with 1.0 x 108 spores/ml (z = 2.27, p = 0.06) (Figure 1 
8.8).  2 
Amblyseius swirskii receiving topical treatment followed by exposure to dry residue 3 
exhibited significantly lower oviposition rate when treated with 1.0 x 108 spores/ml 4 
compared with 2.5 x 107 spores/ml (z = 2.69, p < 0.05) and the control (z = 4.49, p < 5 
0.001). There was no difference between mites treated with 2.5 x 107 spores/ml and 6 
the control (z = 1.76, p = 0.18) (Figure 8.9). 7 
 8 
Figure 8.8 Fecundity - topical treatment 9 
Mean daily fecundity of Amblyseius swirskii adults following topical treatment of 10 
Beauveria bassiana spore suspensions (n = 6). Error bars represent standard error of 11 
the mean. Different letters indicate significantly different trend in oviposition rates as 12 
analysed by generalized linear mixed models (p < 0.05). 13 
 14 
0 2 4 6 8 10
0.
0
0.
5
1.
0
1.
5
2.
0
2.
5
3.
0
Time (days)
Eg
gs
/fe
m
a
le
/d
a
y 
–
 
to
pi
ca
l t
re
a
tm
e
n
t
b
ab
a
Control
2.5 x 10^7
1.0 x 10^8
190 
 
 1 
Figure 8.9 Fecundity - combined treatment 2 
Mean daily fecundity of Amblyseius swirskii adults receiving topical treatment 3 
combined with exposure to dry residue of Beauveria bassiana spore suspensions (n = 4 
6). Error bars represent standard error of the mean. Different letters indicate 5 
significantly different trend in oviposition rates as analysed by generalized linear 6 
mixed models (p < 0.05). 7 
Juvenile A. swirskii exposed to dry residues of B. bassiana displayed subsequent 8 
reduced oviposition rates in adulthood (Figure 8.10). The oviposition rate of adult 9 
mites exposed to B. bassiana dry residues during egg-to-adult development was 10 
significantly lower for treatments of 1.0 x 108 spores/ml (z = 3.90, p < 0.001) and 2.5 11 
x 107 spores/ml (z = 2.62, p < 0.05) compared with the control treatment. 12 
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 1 
Figure 8.10 Fecundity - juveniles on dry residue 2 
Mean daily fecundity of Amblyseius swirskii exposed to dry residue of Beauveria 3 
bassiana spore suspensions during the immature stages and subsequently followed 4 
for ten days (n = 6). Error bars represent standard error of the mean. Different letters 5 
indicate significantly different trend in oviposition rates as analysed by generalized 6 
linear mixed models (p < 0.05). 7 
8.3.3 Offspring 8 
Egg viability, juvenile survival and sex ratio of the offspring from B. bassiana 9 
treated adult A. swirskii are summarised in Table 8.3. As there were no differences in 10 
any of the measured parameters among sampling days of the same treatment these 11 
have been combined. Treating mites with B. bassiana had no observable or 12 
measurable effect on their offspring and there were no significant differences 13 
between the offspring of treated mites and the control.  14 
 15 
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Table 8.3 Offspring development parameters 1 
Egg viability, juvenile survival and sex ratio of the offspring from Amblyseius 2 
swirskii adults following different treatments of Beauveria bassiana spore 3 
suspensions. 4 
Experiment Treatment Egg viability Juvenile survival Sex ratio 
Dry residue Control 
2.5 x 107 
1.0 x 108 
1.00 ± 0.00 
0.99 ± 0.01 
0.99 ± 0.00 
0.95 ± 0.01 
0.93 ± 0.01 
0.93 ± 0.02 
0.68 ± 0.01 
0.69 ± 0.02 
0.64 ± 0.02 
Topical Control 
2.5 x 107 
1.0 x 108 
1.00  ± 0.0 
0.99 ± 0.01 
0.98 ± 0.01 
0.96 ± 0.01 
0.95 ± 0.01 
0.94 ± 0.01 
0.69 ± 0.01 
0.69 ± 0.02 
0.73 ± 0.02 
Combined Control 
2.5 x 107 
1.0 x 108 
1.00 ± 0.00 
1.00 ± 0.00 
0.99 ± 0.01 
0.96 ± 0.01 
0.95 ± 0.02 
0.95 ± 0.01 
0.69 ± 0.01 
0.68 ± 0.01 
0.68 ± 0.02 
 5 
8.4 Discussion 6 
Beauveria bassiana strain GHA was found to be infectious to A. swirskii when 7 
exposed to topical application and/or dry residues under laboratory conditions with 8 
slight to moderate toxicity. The topical treatment was intended to simulate the effect 9 
on a mite population in the crop directly exposed to a B. bassiana application 10 
followed by dispersal to untreated leaves or new growth. The dry residue exposure 11 
simulated mites dispersing into a recently treated crop whereas the combined 12 
exposure simulated the effect on mites exposed directly to the spray application and 13 
remaining on the treated leaves. 14 
Exposure of adult A. swirskii to B. bassiana at both the highest and lowest 15 
recommended dose according to the BotaniGard® 22 WP label significantly reduced 16 
survivorship of A. swirskii compared with the control treatment, indicating a clear 17 
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treatment effect. There was no difference between the two doses applied in terms of 1 
survivorship, which is consistent with the results of Numa Vergel et al. (2011) who 2 
found no difference in mortality of N. californicus and P. persimilis treated with 3 
three different doses of B. bassiana. The LT50 however, was significantly lower for 4 
adult A. swirskii exposed to 1.0 x 108 spores/ml compared with 2.5 x 107 spores/ml 5 
on dry residue and with topical treatment suggesting that dose can reduce the 6 
population growth rate of A. swirskii despite survivorship being similar. As egg 7 
deposition occurred until the death of the mites reduced LT50 could affect the 8 
numerical response of the population. For the combined exposure however, there was 9 
no difference in LT50 between the two doses tested which may indicate that the 10 
impact on A. swirskii populations present in the crop at the time of application will 11 
not be dose dependent unless they disperse to untreated areas or new growth.  12 
The survival rates of A. swirskii exposed to topical treatments of B. bassiana strain 13 
GHA corresponds to the mortality rates of A. swirskii exposed to B. bassiana strain 14 
F, as reported by Seiedy et al. (2015). The authors found the virulence of B. bassiana 15 
to A. swirskii to be strain dependent indicating the importance of studying 16 
compatibility with specific strains, particularly commercially available strains such 17 
as GHA. 18 
Mycosis in A. swirskii as a result of B. bassiana strain GHA exposure was easily 19 
distinguished by the pink-red colouration caused by the oosporein of the invading 20 
pathogen (Strasser et al. 2000; Zimmermann 2007) and sporulation on cadavers. 21 
Pink-red colouration and sporulation was seen at both doses tested and across all 22 
experiments on adult A. swirskii. Numa Vergel et al. (2011) reported sporulation on 23 
N. californicus and P. persimilis only at the highest of three doses but all three 24 
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treatments were of lower spore concentration than the current study and therefore 1 
does not contradict the results reported here. There has been no report of red 2 
colouration of phytoseiid mites infected with B. bassiana which may be due to 3 
different strains producing different levels of oosporein (Strasser et al. 2000; 4 
Zimmermann 2007). In the case of P. persimilis, this mite is already red thus the 5 
presence of oosporein may not be easily detected. 6 
Beauveria bassiana has been found to be infectious to other phytoseiid mites under 7 
laboratory conditions. Castagnoli et al. (2005) reported slight mortality of the spider 8 
mite predator N. californicus when exposed to topical treatment of B. bassiana, 9 
however, the authors did not specify whether mites succumbed to mycosis which can 10 
be confirmed by sporulation of cadavers. Furthermore, mortality was assessed after 3 11 
days, whereas fungal pathogenesis may require several days to kill its host (Inglis et 12 
al. 2001; Shah & Pell 2003) as seen in the current study where the majority of the 13 
deaths from the topical treatment occurred on days 5-7. Consequently, the authors 14 
may have underestimated the treatment effect on N. californicus. Although the 15 
authors did follow a selection of mites surviving the 3-day post-treatment period for 16 
an 8-day fecundity trial they failed to report whether any of the selected mites 17 
succumbed to mycosis during this period. Nevertheless, a significantly higher 18 
mortality of B. bassiana treated N. californicus compared with the control was 19 
reported, with similar survivorship as reported for A. swirskii in the present study. 20 
Numa Vergel et al. (2011) on the other hand, reported that although N. californicus is 21 
susceptible to B. bassiana toxicity is low (< 30%) and not different to the control 22 
treatment over a 12-day period. 23 
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Several studies have found the spider mite predator P. persimilis to be susceptible to 1 
B. bassiana topical treatment and exposure to dry residues under laboratory 2 
conditions (Ludwig & Oetting 2001; Duso et al. 2008; Pozzebon & Duso 2010; 3 
Numa Vergel et al. 2011). The studies reported susceptibility with slight to moderate 4 
toxicity to P. persimilis after observation periods of 3 days (Duso et al. 2008), 6 days 5 
(Pozzebon & Duso 2010) and 12 days (Numa Vergel et al. 2011). Only Ludwig & 6 
Oetting (2001) reported high toxicity to P. persimilis exposed to topical treatment of 7 
B. bassiana with 100% mortality, although, time of death and sporulation was not 8 
mentioned. With the exception of the latter, these studies report mortality rates 9 
comparable to the effects of B. bassiana to A. swirskii presented here. 10 
Contrary to the above mentioned examples, Jacobson et al. (2001a) suggested that B. 11 
bassiana dry residue had no effect on the thrips predator N. cucumeris in laboratory 12 
bioassays. The authors did not however, investigate mortality or mycosis of the mites 13 
but merely compared population size at the start of the experiment and after 7 days 14 
with the control treatment. Where their study falls short is with the diet supplied in 15 
the experiment. Neoseiulus cucumeris were provided with culture medium of the 16 
factitious prey mite T. putrescentiae and therefore not only providing an untreated 17 
substance where the predators can evade the dry residue but due to this medium 18 
containing the only food source available the predators are more likely to spend the 19 
majority of their time foraging in the untreated medium rather than on the treated 20 
leaf.   21 
Sublethal effects of an entomopathogen on non-target predators can be manifested by 22 
a change in fecundity, predation rates, longevity and fitness of subsequent offspring 23 
(Duso et al. 2008; Seiedy et al. 2012a; Seiedy et al. 2012b; Shipp et al. 2012; 24 
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Agboton et al. 2013). Sublethal effects of B. bassiana on other BCAs have been little 1 
studied and have primarily focused on fecundity. Beauveria bassiana can have a 2 
negative effect on phytoseiid fecundity depending on exposure type (Castagnoli et al. 3 
2005; Duso et al. 2008; Pozzebon & Duso 2010; Seiedy et al. 2012a). There was an 4 
overall trend of reduced fecundity in B. bassiana treated A. swirskii in the present 5 
study, except for adult mites exposed to dry residue only, indicating reduced fitness 6 
of mites surviving the treatments. Although exposure of adult A. swirskii to dry 7 
residues of B. bassiana resulted in reduced survival rates at 1.0 x 108 spores/ml there 8 
was no significant effect on fecundity. The contrary was observed for juvenile A. 9 
swirskii where exposure to dry residue did not affect survival but fecundity was 10 
significantly reduced in the subsequent adult stages. Hence, exposure route and life 11 
stage is important with regards to lethal and sublethal effects.  12 
Pozzebon & Duso (2010) reported no effect on the fecundity of P. persimilis when 13 
exposed to dry residue and/or topical treatment of B. bassiana but a significant 14 
reduction in eggs deposited was discovered when the mites were exposed to a 15 
combination of topical treatment, dry residue and feeding on B. bassiana treated 16 
prey. Furthermore, Numa Vergel et al. (2011) demonstrated that B. bassiana topical 17 
treatment had no negative effect on the fecundity of N. californicus and P. persimilis 18 
at three different concentrations. It is therefore reasonable to conclude that B. 19 
bassiana can reduce the fecundity rate of phytoseiid mites, including A. swirskii, but 20 
primarily when experiencing a combination of exposure routes with high spore 21 
concentrations. 22 
The sublethal effects of B. bassiana on the offspring of treated individuals have not 23 
previously been studied for phytoseiid mites, with the exception of egg viability. 24 
197 
 
Offspring of arthropods infected with B. bassiana may exhibit reduced survival and 1 
fecundity, moulting problems and malformations (Torrado-Leon et al. 2006). Egg 2 
hatching success can be significantly reduced for B. bassiana treated gravid N. 3 
californicus (Castagnoli et al. 2005) and P. persimilis (Pozzebon & Duso 2010), but 4 
contrary to these findings treatment of P. persimilis with B. bassiana has also been 5 
reported to have no effect on egg hatching success (Duso et al. 2008; Seiedy et al. 6 
2012a). The results of the current study are consistent with the latter; no significant 7 
effect was observed on egg viability, juvenile survival or the sex ratio of offspring 8 
from B. bassiana treated A. swirskii. Moreover, no deformation or moulting 9 
problems in the offspring was observed. These results suggest that B. bassiana is not 10 
vertically transmitted in A. swirskii and that the fitness of the eggs produced by an 11 
infected adult female is not compromised by the pathogen. 12 
The study on juvenile A. swirskii developing from egg to adult on dry residue of B. 13 
bassiana was intended to simulate the effect on a founding population of A. swirskii 14 
inoculated or dispersing into a newly treated crop. There was no significant effect on 15 
survivorship of juvenile A. swirskii on B. bassiana dry residue compared with the 16 
control treatment indicating that, although adult mites dispersing into a treated crop 17 
may succumb to spray residues of B. bassiana their offspring will not be affected and 18 
are therefore capable of establishing populations. The LT50 values of juvenile A. 19 
swirskii on B. bassiana dry residue, despite being significantly higher than 20 
comparative treatments on adults, were significantly lower than the control 21 
treatment. This was however, due to the model not accounting for maximum life-22 
span of the mites and therefore generating LT50 values exceeding that of expected 23 
longevity for A. swirskii (see Chapter 3). Mycosis was observed in a small proportion 24 
of dead mites at 1 x 108 spores/ml only. 25 
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Immature stages are often less susceptible to fungal infection due to germinating 1 
spores being shed during ecdysis (Vey & Fargues 1977; Ugine et al. 2005b). Short 2 
immature life stages, and therefore frequent ecdysis, combined with relatively low 3 
persistence of B. bassiana spores on leaves can explain the low susceptibility of 4 
juvenile A. swirskii to this pathogen. Beauveria bassiana spore viability decreases 5 
gradually on leaves and persistence on top leaves has been reported to be four days 6 
(Inglis et al. 1993). As A. swirskii eggs, which were not affected by B. bassiana dry 7 
residue, hatch 1-2 days post-oviposition and the nymphs moult to the next instar 8 
every 1-2 days under optimal conditions (Chapter 3) the juvenile stages are able to 9 
evade pathogen invasion during the first few days post-application and therefore 10 
survive until the spore viability has been reduced to negligible levels. The effect of 11 
B. bassiana residue on juvenile phytoseiids has not previously been studied and these 12 
results offer the first insight into the effect of B. bassiana on the population-founding 13 
individuals in a treated crop.  14 
Seiedy et al. (2012a) however, studied the effect of P. persimilis feeding on B. 15 
bassiana infected T. urticae during juvenile and adult life stages and found a 16 
significant negative effect on development time, longevity and fecundity. By 17 
exposing the predators to B. bassiana through their prey, evasion of infection by 18 
ecdysis is circumvented. This opens a new level of complexity in the predator-19 
pathogen interactions and level of compatibility, which will need to be studied in 20 
conjunction with topical and dry residue exposure to fully understand the potential 21 
detrimental effect of B. bassiana treatments on established phytoseiid populations, 22 
inoculation of new populations and the overall impact on pest control (Pozzebon & 23 
Duso 2010; Seiedy et al. 2012a; Agboton et al. 2013). 24 
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Beauveria bassiana has been demonstrated to have a wide host range but it is 1 
important to differentiate between physiological hosts (pathogenesis in the 2 
laboratory) and ecological hosts (pathogenesis in the field) (Zimmermann 2007; 3 
Shipp et al. 2012). Despite the slight to moderate toxicity of B. bassiana to 4 
phytoseiid mites reported under laboratory conditions these results are rarely directly 5 
transferable to field conditions. Shipp et al. (2012) reported low mortality of 6 
bumblebee vectored B. bassiana spores to A. swirskii, with confirmed mycosis in a 7 
third of the dead mites, and no effect on the predation rates on F. occidentalis. This 8 
study however, is not comparable to wet or dry residues of B. bassiana applications 9 
due to the lower spore numbers vectored by the bees compared with spray 10 
applications.  11 
Field studies of B. bassiana applications with concomitant inoculations of phytoseiid 12 
mites have largely concluded that there is no detrimental effect on the phytoseiids 13 
and deemed these BCAs as compatible (Jacobson et al. 2001a; Chandler et al. 2005; 14 
Numa Vergel et al. 2011). Compatibility however, does not warrant an additive or 15 
synergistic contribution to pest control. Jacobson et al. (2001a) found that combining 16 
B. bassiana with N. cucumeris did not improve nor disrupt thrips control in a 17 
cucumber crop and, B. bassiana treatments in conjunction with N. californicus or P. 18 
persimilis did not improve nor disrupt T. urticae control in roses (Numa Vergel et al. 19 
2011). Enhanced T. urticae control has been reported on tomato with concomitant 20 
use of B. bassiana and P. persimilis compared with either one on their own 21 
(Chandler et al. 2005) suggesting that improved control by combined treatments may 22 
be crop specific or dependent on pest level and age distribution. 23 
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Based on the results from the current study the susceptibility of A. swirskii as a 1 
physiological host for B. bassiana is confirmed with slight to moderate toxicity 2 
depending on exposure route. Despite the sublethal effects of B. bassiana on the 3 
fecundity of A. swirskii, these two BCAs have good potential for concomitant use in 4 
the field due to the following points: 1) no significant effect of dry residue on 5 
juvenile survival; 2) no significant effect of dry residue on fecundity; 3) no 6 
detrimental effect on the offspring of infected A. swirskii with respect to egg 7 
hatching, juvenile survival and sex ratio, and; 4) the mortality in field conditions are 8 
generally expected to be lower than in the laboratory. Further work should focus on 9 
field compatibility of these two BCAs, the effect on A. swirskii feeding on B. 10 
bassiana infected hosts and whether A. swirskii actively avoid B. bassiana residues 11 
in the field. The target would be a strategy where high pest levels can be reduced 12 
with B. bassiana applications followed by inoculation with A. swirskii to keep the 13 
pest levels low. 14 
 15 
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Chapter 9 General Discussion 1 
Amblyseius swirskii is considered to be one of the most efficient BCAs of whitefly 2 
and thrips (Messelink et al. 2008; Gerson & Weintraub 2012; van Lenteren 2012) 3 
and has been ranked as the single most important invertebrate biocontrol agent (van 4 
Lenteren 2012). The success of A. swirskii as a BCA, as with other phytoseiids, is 5 
attributed to its polyphagy and high rate of population increase (Sabelis 1985; 6 
McMurtry et al. 2013; Messelink et al. 2014). Other important considerations for a 7 
successful BCA are cost-efficient production systems, practical field deployment 8 
systems and the level of compatibility with other BCAs and crop protection products 9 
which are required for a holistic IPM programme (Ramakers et al. 1989; Sampson 10 
1998; Jacobson et al. 2001b; Calvo et al. 2009; Chow et al. 2010; Cuthbertson et al. 11 
2012; Shipp et al. 2012; van Lenteren 2012; Messelink et al. 2014; Calvo et al. 2015; 12 
Janssen & Sabelis 2015). Due to the polyphagous nature of generalist phytoseiids 13 
they can be mass-reared on factitious prey. These factitious prey allow for large-scale 14 
efficient rearing systems and novel crop inoculation methods such as breeding 15 
sachets, which offer a predatory mite delivery method with prolonged and sustained 16 
crop inoculation. 17 
Amblyseius swirskii can be mass-reared on three species of astigmatid mites but little 18 
is known about their predator-prey interactions and population dynamics. This study 19 
endeavoured to assess the suitability of the factitious prey S. medanensis for A. 20 
swirskii and the underlying predator-prey interactions and population dynamics for 21 
mass-rearing and field deployment of A. swirskii. The implications for field release 22 
were studied by examining the effect of different simulated crop conditions on 23 
predator release from breeding sachets, focusing on temperature and RH at constant 24 
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and alternating controlled conditions. In addition to different crop conditions, A. 1 
swirskii may be exposed to various other crop protection products in the field as part 2 
of an IPM programme. The compatibility of A. swirskii with one such product, the 3 
fungal entomopathogen B. bassiana, for concomitant use in the field was 4 
investigated through pathogenicity and sublethal effect studies under controlled 5 
conditions. The results of these studies are discussed in the two following sections 6 
focusing on the predator-prey relationship and implications for field release, 7 
respectively. 8 
9.1 Predator-prey interactions of A. swirskii and S. medanensis 9 
The association between predatory mites and their factitious prey is a particularly 10 
interesting interaction to study as they do not coexist in the natural environment or 11 
have any prior affiliation with each other. The demographic parameters obtained in 12 
the life table study (Chapter 3) advocate the good nutritional value of S. medanensis 13 
for A. swirskii as the life cycle is successfully completed with population growth 14 
rates comparable to A. swirskii feeding on target pests, as reported in literature, 15 
pinpointing the truly polyphagous nature of A. swirskii. The short development time, 16 
high survival rate of the immature stages and good peak oviposition rates, which are 17 
the primary factors governing population growth rates (Birch 1948; Abou-Setta & 18 
Childers 1991), yielded a relatively high intrinsic rate of increase. The net 19 
reproductive rate however, was lower than reported on other food sources in the 20 
literature due to the shorter adult longevity of A. swirskii on a diet of S. medanensis 21 
but this did not affect the population growth rates. There are two possible reasons for 22 
this reduced adult longevity: 1) genetic shifts in the population following long term 23 
captive breeding can favour faster development time, reduced longevity and lower 24 
lifetime fecundity (Nunney 2003), or; 2) repeated exposure to prey defences (Chapter 25 
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5) can exhaust the predator and eventually lead to erratic behaviour and death 1 
(Hassell et al. 1976; Heethoff et al. 2011). The latter is discussed in more detail on 2 
the following pages. 3 
Although the shorter adult longevity did not affect the population growth rate it could 4 
affect the lifetime net prey consumption, which was not studied here. Whether this 5 
could be an issue for the quality of the pest control in the field will depend on 6 
whether this is the result of genetic changes following adaptation to captive breeding 7 
or if it is a direct effect of interactions with the prey species involved. Either way, as 8 
the success of phytoseiids is attributed to their rates of population increase rather 9 
than net prey consumption (Sabelis 1985; van Houten et al. 2005) it is likely that pest 10 
control in the field is not negatively affected but this requires further research. 11 
Reduced predation rates have been reported for N. californicus on T. urticae 12 
following long term rearing on a factitious prey (Castagnoli & Simoni 1999). The 13 
authors however, concluded that due to the overall predation and oviposition rates 14 
mass-rearing predators on factitious prey is unlikely to have a negative effect on 15 
biocontrol in the field. 16 
This ‘proof of concept’ of S. medanensis as a factitious prey for A. swirskii may lead 17 
to an extended use of S. medanensis in new predator-prey associations and novel 18 
rearing systems when potential new BCAs are evaluated. There are currently 19 
relatively few species of astigmatid mites used as factitious prey for predatory mites 20 
and S. medanensis may be a valuable addition to the selection of potential prey.  21 
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9.1.1 Direct interactions 1 
When presented with a choice of two different life stages of S. medanensis a strong 2 
preference for the younger life stage was displayed by A. swirskii (Chapter 4). This 3 
could be due to the predator being more stimulated to attack smaller prey items and 4 
would therefore be a true preference. The no-choice CSR study however, shows 5 
successful attacks on all prey stages presented to the predator but with a higher 6 
capture success on nymphs and eggs than adult S. medanensis (Chapter 4). Due to 7 
the random prey searching behaviour of phytoseiid mites within a prey patch, A. 8 
swirskii will come across prey randomly and attempt attacks on the first prey item 9 
encountered (Buitenhuis et al. 2010b). With this strategy the prey life stage with the 10 
highest capture success will lose the most individuals to predation and thus be 11 
presented as the preferred life stage, whereas in reality it is a function of the relative 12 
density of each life stage and their respective capture success ratios.  13 
The sudden recoil of A. swirskii from adult S. medanensis observed in the CSR study 14 
resulting in failed attacks led to the hypothesis of the involvement of a defence 15 
volatile, which was studied in depth in Chapter 5. The large quantities of neral and 16 
geranial isolated from disturbed cultures of S. medanensis, which have previously 17 
been singled out as the active alarm pheromones of this species by Leal et al. (1989), 18 
were suggestive of their involvement in repelling predator attacks. The behavioural 19 
bioassay did show a repellent response from A. swirskii to a synthetic neral-geranial 20 
1:1 blend indicating the potential candidacy for these compounds to act as defence 21 
volatiles against predators attacking S. medanensis. This repellency may either be 22 
due to A. swirskii detecting the specific volatiles emitted by S. medanensis and 23 
interpreting them as repellent, or due to the exposure to a large quantity of the 24 
volatiles creating and unpleasant sensation (Whitman et al. 1990). As A. swirskii and 25 
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S. medanensis have not coevolved, the latter is a more likely explanation and 1 
accounts for the repellent response to the synthetic blend with a different neral-2 
geranial ratio than the natural volatiles. A predator interacting with a potential prey 3 
that it has not encountered before, as an individual or as a species, may be more 4 
likely to react to a large quantity of defensive volatiles rather than the specific blend 5 
of volatile compounds emitted.  6 
A comparative CSR study of adult S. medanensis treated with hexane to remove any 7 
volatiles and untreated mites demonstrated a higher capture success on prey depleted 8 
of their defence volatile and no recoil behaviour by A. swirskii was observed. It is 9 
therefore reasonable to conclude that the defence volatile of S. medanensis is the 10 
main contributor to lower capture success for adult A. swirskii. As S. medanensis can 11 
be depleted of their defence volatiles by hexane treatment it raises the question of the 12 
possibility of mass-treatment of prey before being provided as a food source in a 13 
mass-rearing system and whether this could improve the prey suitability and expand 14 
the factitious prey options for BCAs. This offers an interesting topic for further work 15 
and a new area of study.  16 
The shortened adult longevity, and consequently reduced net reproductive rate, of A. 17 
swirskii on a diet of S. medanensis reported in the life table study may be the result 18 
of prolonged and repeated exposure to these defence volatiles. The volatiles may 19 
either cause direct harm to the predator with accumulative detrimental effect over 20 
time (de Bruijn et al. 2006; Heethoff et al. 2011), or the quantity of energy exerted to 21 
successfully overcome the prey may eventually lead to exhaustion of the predator 22 
(van Maanen et al. 2015). If the preference of A. swirskii for eggs and nymphs of S. 23 
medanensis is not a true preference but rather due to a lower capture success of the 24 
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adult life stage, as a result of the quantity of defence volatiles this life stage is able to 1 
deliver, this may have a marked effect on the predator-prey dynamics. Ratios and 2 
densities in the favour of adult S. medanensis lead to relatively fewer encounters with 3 
the more vulnerable prey stages. Increased encounters with adult prey will result in 4 
higher energy input to achieve a successful attack and more frequent exposure to the 5 
defence volatiles. Consequently, in an S. medanensis population with a high 6 
proportion of eggs and juveniles A. swirskii has a higher likelihood of random 7 
encounters with these life stages and thus comparatively fewer encounters with adult 8 
prey, ultimately benefiting predator fitness. If this theory is correct, better control of 9 
S. medanensis density and life stage ratios in the life table study could possibly have 10 
improved longevity and the net reproductive rate of A. swirskii. Further experiments 11 
are needed to confirm this. 12 
The capture success ratio has been shown to decrease at a faster rate with adult prey 13 
then eggs and nymphs with increasing level of satiation (Sabelis 1990). In this study 14 
the CSR was conducted with pre-starved predators, whereas in a rearing unit prey 15 
levels are closely monitored and adjusted. As starved predators are more desperate 16 
for food they may be more willing to exert extra energy and risk prey defences when 17 
prey are encountered, which increases the chance of harmful effects to the predator, 18 
whereas partially satiated predators are more likely to abort an attack on less 19 
vulnerable prey. Consequently, as predators are unlikely to experience starvation in 20 
rearing units a higher proportion of the more vulnerable prey stages may be attacked, 21 
possibly with reduced detriment to the predator. 22 
The short development time and high survival rates of the immature stages of A. 23 
swirskii indicate that these life stages are not negatively affected by the S. 24 
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medanensis diet. This is most likely due to the immature stages feeding 1 
predominantly on the more vulnerable prey stages, where a higher capture success is 2 
anticipated due to the relative size, and nymphs may only feed on adult prey that 3 
have been killed by adult predators (Cloutier & Johnson 1993) and are therefore not 4 
exposed to the defence volatile. 5 
9.1.2 Predator-prey density and ratio 6 
Density and ratio are two closely linked but distinctly different parameters. While the 7 
density refers to the total number of individuals in a given space, the ratio is the 8 
relative abundance of one species to another. The overall density of all the species 9 
present in a given space and their relative abundance will affect the dynamics of the 10 
various species. When attempting to understand the underlying predator-prey 11 
dynamics it is best to start with a two species model, normally a predator and its 12 
prey, as studying the basic interactions is an important step to understanding the 13 
more complex ones (Holling 1959b). This approach is more representative of a 14 
factitious system than a natural system as there are only two species present at fairly 15 
controlled densities and ratios. The functional and numerical response of the current 16 
study (Chapter 4) followed this concept, investigating the prey consumption and egg 17 
deposition rates of A. swirskii to different densities of S. medanensis. 18 
Amblyseius swirskii was found to respond to increasing densities of S. medanensis by 19 
increased prey consumption rates and oviposition rates until reaching an upper 20 
threshold. This, in combination with the reported searching rates at lower prey 21 
densities, yielded a Type II functional response, which is in accordance with 22 
published literature for A. swirskii on other prey (Park et al. 2010; Fouly et al. 2011; 23 
Wang et al. 2011) and phytoseiid mites in general (Sabelis 1985). The Type II 24 
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functional response and maximum oviposition rate was achieved on S. medanensis 1 
eggs, protonymphs and adults suggesting that all life stages are suitable prey and of 2 
good nutritional value to A. swirskii. Considering the defence volatiles of adult S. 3 
medanensis reported in Chapter 5, it could have been expected that a maximum 4 
numerical response would not be achieved due to the extra energy exerted by the 5 
predator to overcome the adult prey. Although the maximum numerical response of 6 
A. swirskii on adult prey was lower than on eggs and nymphs of S. medanensis this 7 
difference was not significant. A Type IV response could be expected at high 8 
densities as the predator would be less likely to disarm an individual prey as random 9 
encounters with several prey are more likely at higher densities. Reduced predation 10 
by A. swirskii at high prey densities has been reported on a diet of O. mangiferus 11 
(Abou-Awad et al. 2011). As the functional response experiment reported here was 12 
conducted over 48 h only, it is possible that this is too short a timeframe to indicate 13 
the potential detrimental effects of prolonged exposure to the defence volatiles of 14 
adult S. medanensis.  15 
As reported in Chapter 3, A. swirskii displayed good oviposition rates on a diet of S. 16 
medanensis for several days before a sudden drop in egg laying and survival. This 17 
could potentially be linked with an unintended and unrecorded increase in the prey 18 
levels offered in this experiment, but can only be confirmed with further 19 
experimentation. Moreover, the highest prey density for adult S. medanensis tested, 20 
i.e. 30 individuals per 18 mm diameter leaf disc, may not have represented a 21 
sufficiently high density to produce an immediate detrimental effect on the predator. 22 
In a factitious system the ratio of prey to predator is lower than this but the predator 23 
density is much higher resulting in a prey density of 300-400 S. medanensis per ml, 24 
albeit mixed life stages in a three dimensional medium rather than a flat leaf disc. 25 
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Hence, a higher density of prey and/or a longer lasting experiment would need to be 1 
set up to test the hypothesis of the defence volatile of S. medanensis potentially 2 
resulting in a Type IV functional response in A. swirskii. 3 
The significance of a Type II response for factitious systems is that with an upper 4 
threshold for the attack rate the predator will not overexploit the prey suggesting that 5 
the predator can exploit a prey source for a longer period with prolonged predator-6 
prey coexistence (Murdoch et al. 1987; Pels & Sabelis 1999). The high search rate at 7 
low prey densities means that A. swirskii are able to find food in areas where, or 8 
times when, prey is scarce. This is particularly useful in breeding sachets where prey 9 
levels may become low towards the end of the sachet’s life allowing the predators to 10 
continue feeding until the prey is depleted. The benefit of a Type II functional 11 
response is also evident in the field where predators can persist at low pest densities 12 
and coexist with the prey for extended periods ensuring prolonged predator presence. 13 
A weakness in the Type II response is the upper threshold for prey consumption at 14 
high pest levels, but this may be overcome by a strong numerical response.  15 
The initial predator-prey ratio is an essential factor in predator-prey dynamics, 16 
controlled by the predator and prey intrinsic rates of increase and predator 17 
consumption rate of the prey (Arditi & Ginzburg 1989; Janssen & Sabelis 1992; Holt 18 
& Lawton 1994). With an initial ratio favouring S. medanensis, the prey population 19 
may increase rapidly as the maximum attack rate of A. swirskii limits its ability to 20 
control the prey. The resultant high density of prey can make the factitious 21 
environment less favourable for the predator (Sampson 1998). Predation can 22 
decrease at high prey densities due to increased prey interference, exposure to prey 23 
defences and build-up of prey waste causing erratic behaviour of the predator 24 
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(Hassell et al. 1976). A theoretical predator-prey equilibrium could be calculated 1 
based on the predator attack rate and the intrinsic rate of increase of the predator and 2 
the prey (Janssen & Sabelis 1992; Holt & Lawton 1994). Such an equation was not 3 
prioritised in this study due to the unknown factors such as the prey consumption 4 
rates of A. swirskii nymphs and adult males, the effect of the more complex carrier 5 
medium on predator search rate, the effect of varying environmental conditions in a 6 
crop on the relative population growth rates and dispersal rates over time. 7 
Based on basic predation and demographic data however, a simple extrapolation can 8 
provide an idea of a suitable predator-prey ratio to achieve maximum coexistence 9 
and productivity. Amblyseius swirskii showed a maximum numerical response at an 10 
approximate consumption rate of 30 eggs, the preferred life stage, per day which was 11 
achieved at a density of 40-60 eggs. A breeding population of the prey mite will 12 
continuously supply the preferred young prey stages for the predator. If the prey-13 
predator ratio is high enough, sufficient prey will evade attack and survive to the less 14 
vulnerable adult stage and continue to sustain the prey population. Under these 15 
circumstances, food availability for the prey and environmental conditions will be 16 
the main limiting factors of a breeding sachet (Jacobson et al. 2001b).  17 
To maximise productivity, a predator-prey ratio allowing availability of at least 30 18 
prey eggs per adult female predator would be optimal. Mercado et al. (2001) reported 19 
an average oviposition rate of 6 eggs/day for S. medanensis. By simple extrapolation, 20 
this would mean that 5 ovipositing S. medanensis per gravid A. swirskii could supply 21 
the required amount of prey eggs for maximum numerical response, according to the 22 
results from this experiment. The prey density would be much higher due to multiple 23 
predators and ultimately depends on predator density. Such an extrapolation can 24 
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however, only be theoretical as the predator’s rate of discovery is likely to be 1 
reduced in a more complex medium and, in the case of breeding sachets, the relative 2 
emigration rate of predators and prey from the sachet is not accounted for.  3 
9.2 A. swirskii breeding sachets and implications for field release 4 
Breeding sachets are extensively used to inoculate protected crops with phytoseiid 5 
mites. The breeding sachets are based on the factitious rearing systems but their 6 
dynamics differ from the rearing units due to the dispersal of mites from the system, 7 
the importance of the initial predator and prey level as they cannot be adjusted post-8 
manufacturing and their exposure to the environmental conditions in the crop. The 9 
internal predator-prey dynamics relating to predator output and dispersal behaviour 10 
was studied in Chapter 6, followed by the effect of exposing sachets to different 11 
constant and varying climatic conditions on predator output in Chapter 7 and the 12 
effect of exposure of A. swirskii to B. bassiana for potential compatibility in Chapter 13 
8.   14 
9.2.1 Breeding sachet dynamics 15 
The studies on dispersal behaviour of A. swirskii indicated a constant low rate of 16 
dispersal at favourable conditions and the main factors influencing dispersal rates 17 
were the moisture content of the carrier medium and prey levels. Emigration rates 18 
from the experimental unit increased with decreasing prey levels and decreasing 19 
moisture content, which is consistent with literature on dispersal stimulants for 20 
phytoseiid mites (Bernstein 1983, 1984; Berry & Holtzer 1990; Zemek & Nachman 21 
1998, 1999).  22 
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As the release rates of predators from a breeding sachet was shown to be linked with 1 
the productivity of the sachet (section 6.3.4 in Chapter 6) retaining favourable 2 
conditions for optimum productivity within the sachet should result in the highest 3 
number of predators released into the crop over the life of a sachet. The constant rate 4 
of dispersal at favourable conditions will release an increasing number of predators 5 
as the productivity, and therefore predator numbers, increase. This continuous 6 
emigration of predators, termed the ‘Milker strategy’, allows for the prey source to 7 
be exploited for a longer period resulting in a higher total number of predators 8 
generated from the initial colony (van Baalen & Sabelis 1995; Pels & Sabelis 1999). 9 
This is an essential trait to achieve a staggered release of predators from the sachet 10 
system and a prolonged breeding population within. The benefit of the Milker 11 
strategy extends beyond the sachet allowing predators to migrate into the crop and 12 
colonise new prey patches rather than settle at the first patch encountered. 13 
The dominant part of the sachet’s life is during the period of constant rate of 14 
emigration with peak release dictated by the productivity rather than a change in 15 
dispersal rate. The change in dispersal rate appears to be primarily a response to 16 
conditions becoming less favourable for the predator, leading to decreased 17 
productivity. Phytoseiid mites are sensitive to desiccation (Bakker et al. 1993; 18 
Bolckmans et al. 2005; Ferrero et al. 2010) and reproduction is dependent on prey 19 
levels (Fouly et al. 2011). Hence, low prey levels and dry carrier medium leads to a 20 
decrease in survival and oviposition rates (section 6.3.2 in Chapter 6) thus the 21 
predators must actively disperse to increase the likelihood of survival and 22 
reproduction. In this situation, delaying the desiccation of the carrier medium and 23 
optimising the prey food quality and quantity may support a prolonged productivity 24 
and therefore increase the total release of predators.   25 
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The predator densities examined here are representative of the initial densities in 1 
breeding sachets with levels above and below the normal starting density. The 2 
consistent rate of dispersal among the different densities suggests that relatively 3 
small alterations in predator numbers in the breeding sachet will not be an important 4 
factor in determining emigration rates from the sachet. Although the dispersal rates 5 
are constant, at higher densities a larger number of predators will disperse due to the 6 
increased abundance but this necessitates a higher initial input of predators. 7 
Due to the change in walking pattern when mites are dispersing the location of the 8 
exit-hole in a breeding sachet can affect the proportion of mites discovering the exit-9 
hole and leaving the sachet. By observing the movements of mites in a transparent 10 
sachet a trend in A. swirskii adopting a straight walk, edge walk and negative 11 
geotaxis, as reported in literature (Sabelis 1981; Berry & Holtzer 1990; Jung & Croft 12 
2001; Buitenhuis et al. 2010a), could be observed when the mites had left the carrier 13 
medium. The A. swirskii that left the carrier medium adopted linear walking paths 14 
until reaching an edge and followed that edge up towards the top corners of the 15 
sachet. As mites were seen to congregate in the two top corners the hypothesis that 16 
more mites would find an exit-hole located in the corner was tested. The results show 17 
that sachets with the exit-hole located along the top edge released significantly more 18 
A. swirskii than when the exit-hole was further down. With the exit-hole in the top 19 
corner more mites were able to locate the exit-hole and disperse from the sachet than 20 
with sachets that had two exit-holes along the side edges. When the exit-hole was 21 
located in the centre of the sachet and not touching any edges significantly fewer 22 
mites were released compared with all the other locations. Due to the clear effect of 23 
exit-hole location on total predator release the exit-hole has now been permanently 24 
relocated to the top edge of the sachets produced by BCP Certis.  25 
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Demographic parameters and predation rates are affected by climatic conditions 1 
(Shipp et al. 1996; Shipp & van Houten 1997; Zilahi-Balogh et al. 2007; Allen 2009; 2 
Lee & Gillespie 2011; Critchley et al. 2014) and will influence the predator-prey 3 
dynamics in a breeding sachet. Predator release is linked with the productivity in the 4 
sachet and the productivity will depend on the predator-prey dynamics, hence, 5 
environmental conditions will affect the predator release. Under the constant 6 
environmental conditions tested in Chapter 8 temperature and RH were found to 7 
affect the predator release profile and the total predator release.  8 
Low RH was found to have the most detrimental effect on predator release and 9 
sachet longevity, which corresponds with the detrimental effects of dry carrier 10 
medium on juvenile survival and oviposition rates found in Chapter 7. In a crop with 11 
low RH the carrier medium of the sachet can be expected to rapidly lose moisture to 12 
the environment creating dry and unfavourable conditions inside the sachet which 13 
halts the productivity and therefore predator release. To improve A. swirskii 14 
inoculation into the crop in dry conditions a carrier medium or sachet paper with 15 
better moisture retention properties may enhance and prolong the productivity. 16 
Alternatively, the introduction frequency and/or rate can be increased but that comes 17 
at an increased cost to the grower. In a dry crop environment supplemented food may 18 
provide a useful benefit as it will allow the mite populations to increase in the more 19 
favourable microclimate of the leaves thus evading the threat of desiccation inside a 20 
sachet. 21 
Conversely, high RH yielded the highest release of A. swirskii as the humid 22 
environment produced good conditions for the productivity of the sachet suggesting 23 
that crops with high RH will benefit from using breeding sachets. The comparatively 24 
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low output of prey mites indicates that the productivity stopped due to prey depletion 1 
suggesting that a higher initial predator-prey ratio may prolong the productivity and 2 
therefore the predator release. Similarly, at 20oC the predator release was similar to 3 
25oC but with lower release of prey. This suggests that the sachets perform equally 4 
well at 20oC and 25oC but that the longevity of the sachet may be extended by 5 
starting with a higher level of prey, particularly at 20oC. 6 
Sachets exposed to 30oC however, produced a very different result. With lower 7 
predator release and shorter sachet longevity the productivity of A. swirskii appears 8 
to have been compromised. The very high release of S. medanensis compared to the 9 
other trials shows that prey productivity was good and surpassed the combined 10 
parameters of predator population increase and predation rate. The high prey levels 11 
are likely to have a detrimental effect on predator productivity due to overcrowding, 12 
interference and rapid build-up of waste, consequently leading to reduced predator 13 
release. Reducing the initial prey level and/or the food source available for the prey 14 
could possibly give A. swirskii the upper hand and either avoid or delay the sachet 15 
being overcrowded with prey. As the detrimental effect of the high temperature is 16 
linked with high S. medanensis population growth rates rather than a direct effect on 17 
A. swirskii it is not expected to impact field populations where population densities 18 
are much lower. 19 
Temperature and RH have a marked effect on the population dynamics in a breeding 20 
sachet and therefore the quantity of predators released from the sachet. The sachet 21 
trial investigating predator release under alternating conditions indicates that periods 22 
of unfavourable conditions, i.e. dry and hot, can be compensated by periods of more 23 
favourable conditions. Therefore, unless periods of extreme conditions kill the mites 24 
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outright, it is the average conditions over a 24 h period that will govern productivity 1 
and predator release from a breeding sachet and must be taken into account before 2 
making changes to the formulation of the carrier medium. 3 
9.2.2 Compatibility with B. bassiana 4 
Although A. swirskii is considered a very efficient BCA it is seldom used on its own 5 
and normally forms part of an IPM programme. Predatory mites are typically most 6 
efficient when used preventatively and for controlling light pest outbreaks. The 7 
breeding sachets offer a staggered supply of predators to ensure their presence when 8 
the pests arrive. When pest populations build up beyond the level where reasonable 9 
control can be expected from predatory mites corrective spraying with chemical 10 
pesticides or biopesticides may be necessary (Calvo et al. 2009). Ideally, the 11 
products used for corrective treatments should have minimal impact on the beneficial 12 
insects and mites present in the crop. Amblyseius swirskii is therefore likely to be 13 
exposed to various crop protection products depending on the type of corrective 14 
spraying that is required. The study reported in Chapter 8 investigated the potential 15 
effect of concomitant applications with the fungal entomopathogen B. bassiana on A. 16 
swirskii and the effect of exposure to dry residues with focus on mortality, sublethal 17 
effects and effects on their progeny in laboratory conditions. 18 
This study showed that A. swirskii is a physiological host for B. bassiana strain GHA 19 
with slight to moderate toxicity, depending on exposure type, under ideal conditions 20 
for fungal infection. Infected A. swirskii displayed the pink-to-red colouration caused 21 
by oosporein, which is so distinctive for this strain followed by sporulation indicating 22 
that the death was caused by B. bassiana. Despite A. swirskii proving to be a 23 
physiological host it is not necessarily an ecological host (Zimmermann 2007; Shipp 24 
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et al. 2012). The mortality was never above 50% following direct and controlled 1 
exposure under ideal conditions for the pathogen. This is likely to be considerably 2 
lower in the field where conditions are often suboptimal and exposure is more 3 
incidental (Boller et al. 2006). Further research is required to establish the effect of 4 
field applications of B. bassiana on A. swirskii populations present in the crop and 5 
reintroduced post-application.  6 
All exposure types resulted in reduced survival rates of adult A. swirskii. A dose-7 
response between the lowest and highest recommended rates on the BotaniGard® 8 
label was only seen with A. swirskii exposed to dry residue. The highest rate resulted 9 
in significantly reduced survival of adult A. swirskii whereas the lowest rate was not 10 
significantly different from the control. For mites receiving topical treatment no 11 
dose-response was observed. This suggests that the effect on A. swirskii populations 12 
present in the crop will not depend on the application dose. New populations 13 
dispersing, or inoculated, into the crop post-application however, may experience a 14 
more detrimental effect at the highest rate compared with the lowest rate, albeit a 15 
lesser effect than the populations directly exposed to the application. For juvenile A. 16 
swirskii representing new founding populations post-application no effect on survival 17 
was observed, most likely due to spores on the cuticle being shed during ecdysis 18 
combined with reduced viability of spores from the treatment residue with time (Vey 19 
& Fargues 1977; Inglis et al. 1993; Ugine et al. 2005b). This is important 20 
information as it allows the populations to recover following a corrective treatment.  21 
Sublethal effects is an under-studied but important topic as it can have significant 22 
effect on biocontrol by reducing population growth rates and predation rates. As 23 
population growth rates are the most important factor for the biocontrol success of 24 
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phytoseiids (Sabelis 1985) sublethal effects causing reduction of the population 1 
growth of the predators may affect pest control. Oviposition rates were significantly 2 
reduced following topical treatment of adults and exposure of juvenile A. swirskii to 3 
dry residues of B. bassiana, which could have a negative effect on population growth 4 
rates in the field. The oviposition rates of adult A. swirskii exposed to dry residue 5 
however, was not significantly reduced which is promising for reintroduction of 6 
mites post-application of B. bassiana.  There was no indication of vertical 7 
transmission of the pathogen from adult females to their offspring and the 8 
demographic parameters of the offspring from B. bassiana treated A. swirskii were 9 
similar to the offspring of the control treatment. Hence, a corrective application of B. 10 
bassiana may dent the A. swirskii population size and growth rate slightly but this 11 
should be rectified with the next generation therefore suggesting that these two 12 
BCAs are compatible. 13 
Due to the waterproof nature of the PE coated sachet paper, mites inside the sachets 14 
are likely to be protected from applications. Therefore, any detrimental effects of 15 
corrective applications on field populations may be compensated by immigration of 16 
A. swirskii into the crop from sachets post-application. The full effect of field 17 
applications, the level of protection offered by the sachet paper and the effect of 18 
spray residue on A. swirskii dispersing into crop post-application need to be verified 19 
by trials under field realistic conditions. 20 
Although concomitant pest control with A. swirskii and B. bassiana may not be 21 
additive or synergistic, these two BCAs may complement each other in an IPM 22 
programme: A. swirskii for preventative control and B. bassiana as a curative 23 
treatment. The effect of B. bassiana on other arthropod BCAs in the IPM programme 24 
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must still be considered, and the potential detrimental effect of other components, 1 
such as fungicides, on B. bassiana must be assessed. IPM programmes are complex 2 
and inconstant and there is much further work to be conducted to fully understand 3 
and optimise these control strategies.  4 
9.3 Conclusions 5 
Understanding the predator-prey interactions and dynamics can provide useful 6 
baseline knowledge for improving the efficiency of factitious mass-rearing and field 7 
deployment systems and is of particular interest to the biocontrol industry. The 8 
comprehensive study reported in this thesis has shown that S. medanensis is of high 9 
nutritional value to A. swirskii supporting good population growth rates. Due to the 10 
defence volatile of adult S. medanensis however, A. swirskii will favour a prey 11 
population with a predominance of eggs and immature stages which will increase 12 
chance encounters with these less defensive stages and increase prey availability for 13 
immature predators. The density and ratio of predator and prey are important factors 14 
in relation to productivity of a factitious system and particularly so with A. swirskii 15 
and S. medanensis due to the defence volatile of the latter and the potentially 16 
increased detrimental effect on the predator with increasing prey density. 17 
The underlying dispersal behaviour of A. swirskii that allows for prolonged staggered 18 
release of predators from sachets whilst leaving behind a viable breeding population 19 
was demonstrated, showing a constant rate of dispersal during favourable conditions 20 
corresponding to sachet productivity. The main factors leading to increased dispersal 21 
and the end of the sachet were found to be linked to a decrease in predator 22 
productivity caused by desiccation of the carrier medium, prey depletion or rapid 23 
prey population expansion depending on environmental conditions. Consequently, 24 
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for optimal productivity the ideal predator-prey balance for specific crop conditions 1 
must be established with corresponding alterations in carrier medium formulations. 2 
Amblyseius swirskii can be concluded to be compatible with B. bassiana due to the 3 
slight to moderate effects on adults under laboratory conditions, slight effect on 4 
juveniles on dry residue and no effect on the offspring of treated mites. It is therefore 5 
proposed to use A. swirskii for preventative control of whitefly and thrips with B. 6 
bassiana as corrective treatment in situations where pest levels are high with 7 
reintroduction of A. swirskii post-application if needed. Breeding sachets present in 8 
the crop during applications are likely to protect the A. swirskii populations within 9 
and enhance the crop populations post-application, but this needs to be verified by 10 
field trials. 11 
As an overall conclusion, A. swirskii in association with its factitious prey S. 12 
medanensis provide a good option for mass-rearing and field deployment via 13 
breeding sachets. The understanding of the predator-prey interactions can provide 14 
baseline knowledge for optimising these factitious systems, which under favourable 15 
conditions can release up to 4 times more predators than their initial input. Although 16 
the control of other pests and crop diseases must be taken into account, the 17 
compatibility of A. swirskii with B. bassiana offers a step towards the possibility of a 18 
holistic biocontrol programme. 19 
A brief summary of the discoveries made and their significance can be found below 20 
• Chapter 3 presents the first study on life table parameters for A. swirskii on a 21 
diet of S. medanensis. The diet was found to support good population growth 22 
rates offering a ‘proof of concept’ as well as supporting an efficient rearing.  23 
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• Chapter 4 presents the first in-depth study of interactions between a 1 
phytoseiid mite and its factitious prey. The predator exhibiting a preference 2 
for eggs and young nymphs of the prey due to higher capture success 3 
suggests that a diet consisting predominantly of younger stages of prey may 4 
benefit the efficiency of the rearing system. 5 
• The functional and numerical response describes the attack efficiency of the 6 
predator at low densities and shows that the prey is not overexploited as 7 
indicated by the maximum predation rate. This study can also provide 8 
essential information on the importance of density and ratios for optimising 9 
factitious systems. 10 
• Chapter 5 reports the first discovery of a defence volatile released by a 11 
factitious prey against a phytoseiid predator. This offers a new area of study 12 
and further explains the benefit of a prey population dominated by younger 13 
stages to minimise exposure to the volatile and therefore maximise predator 14 
population increase. 15 
• Chapter 6 describes the dispersal strategy of A. swirskii that supports a 16 
staggered release from a sachet system and how the positioning of the exit 17 
hole can lead to optimum predator output. This chapter also shows that output 18 
is highest while internal productivity is high and decreases with lower 19 
productivity and unfavourable conditions such as desiccation and prey 20 
depletion. Optimising output involves optimising and prolonging 21 
productivity. 22 
• Chapter 7 shows the effect of climatic conditions on predator output from the 23 
sachets indicating that dry and hot conditions reduce total output. These are 24 
the conditions further sachet improvement work should focus on.  25 
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• Chapter 8 presents pathogenicity studies of A. swirskii exposed to B. 1 
bassiana. This study shows that, although B. bassiana can infect and kill A. 2 
swirskii in laboratory conditions, these two biocontrol agents may be 3 
compatible due to the relatively low mortality of juvenile mites and no effect 4 
on subsequent offspring. These two BCAs complement each other in a step 5 
towards a holistic biocontrol programme for whitefly and thrips. 6 
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Appendix A 1 
A1 Crop safety of S. medanensis  2 
A1.1 Objective 3 
Inoculation of phytoseiid mites into a crop, whether by loose material or breeding 4 
sachets, will inevitably include introduction of the factitious prey. It is therefore 5 
important to ensure that the factitious prey will not cause damage to the target crops. 6 
The objective of this work was to evaluate whether S. medanensis could feed and 7 
survive on the leaves of two of the main target crops for A. swirskii, cucumber and 8 
sweet pepper.   9 
A1.2 Method 10 
Individual adult S. medanensis were placed on cucumber var. Telegraph Improved 11 
(Suttons Seeds, Devon, UK) and sweet pepper var. F1 Jumbo (Suttons Seeds, Devon, 12 
UK) leaf discs (18 mm diameter) (n = 20). Controls were prepared with a wheat 13 
germ flake. Leaf discs were examined daily for leaf damage and oviposition of mites 14 
for 5 days. 15 
Breeding sachets containing cultures of S. medanensis only were placed on potted 16 
cucumber and sweet pepper plants (n = 2), plants without sachets were used as 17 
controls (Figure A1.1). The plants were placed in controlled environment cabinets at 18 
25oC, 75% RH and 16L:8D. The sachets remained on the plants for 3 weeks and the 19 
plants and leaves were inspected weekly until 4 weeks after placement of the sachets. 20 
Leaves were inspected under the microscope for damage and presence of breeding 21 
populations of S. medanensis. 22 
A1.3 Results & Conclusion 23 
On the leaf discs, 17 of 20 mites and 19 of 20 had left the cucumber sweet pepper 24 
leaf discs, respectively, and drowned in the surrounding water after the first 24 h. 25 
The remaining mites laid no eggs and there was no indication of leaf damage. All of 26 
the control mites remained with the wheat germ flake and oviposited daily. 27 
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On the plants, S. medanensis of all active stages could be observed dispersing onto 1 
all leaves of the plants during the experiment. However, no eggs were observed on 2 
any leaf at any time point, no leaf feeding or leaf damage was observed and by the 3 
end of the experiment dead S. medanensis were observed on the leaves. The overall 4 
condition of the plants with S. medanensis sachets was similar to the control plants.  5 
Based on the above observations it is reasonable to conclude that S. medanensis does 6 
not feed or cause damage to cucumber and sweet pepper plants and therefore poses 7 
no risk to the crop. 8 
 9 
Figure A1.1 Cucumber (left) and sweet pepper (right) plants with S. medanensis 10 
sachets and control plant after 3 weeks. 11 
  12 
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A2 Example chromatograms of S. medanensis volatiles 1 
 2 
Figure A2.1 GC-MS headspace chromatogram of S. medanensis volatiles before 3 
disturbance 4 
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 1 
Figure A2.2 GC-MS headspace chromatogram of S. medanensis volatiles 1 min post-2 
disturbance 3 
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 1 
Figure A2.3 GC-MS headspace chromatogram of S. medanensis volatiles 30 min 2 
post-disturbance 3 
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A3 Sachet counts at the start of trials 1 
Estimation of the number of mites in the sachets at the start of each trial, conducted 2 
as specified in Chapter 2, section 2.5. Sub-samples were counted from each sachet 3 
replicate and are summarised in the tables below. 4 
Table A3.1 Summary of the initial sachet counts in the exit-hole location trial (n = 5 
10). 6 
Summary – Exit-hole location 
Day Rep Predators Prey Ratio Mean ± SE 
0 1 563 1005 1.79 Predators 
2 554 791 1.43 527 13.07 
3 544 966 1.78     
4 572 919 1.61 Prey   
5 517 1053 2.04 908 25.12 
6 575 892 1.55   
7 450 862 1.91 Ratio   
8 485 877 1.81 1.73 0.06 
9 506 843 1.67 
  
10 501 867 1.73   
  
 7 
Table A3.2 Summary of the initial sachet counts in the internal population dynamics 8 
trial (n = 6). 9 
Summary – population dynamics 
Day Rep Predators Prey Ratio Mean ± SE 
0 1 600 2401 4.00 Predators 
2 667 2625 3.94 547 30.32 
3 462 1961 4.24 Prey   
4 535 2477 4.63 2399 96.10 
5 521 2563 4.92 Ratio   
6 498 2367 4.75 4.41 0.17 
 10 
 11 
 12 
 13 
 14 
 15 
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Table A3.3 Summary of the initial sachet counts in the relative humidity (RH) trial (n 1 
= 5). 2 
Summary - RH 
Day Rep Predators Prey Ratio Mean ± SE 
0 1 469 2599 5.54 Predators 
2 508 3049 6.00 480 14.51 
3 430 2445 5.68 Prey   
4 485 2621 5.40 2697 102.23 
5 508 2773 5.46 Ratio   
- - - - 5.62 0.11 
 3 
Table A3.4 Summary of the initial sachet counts in the temperature trial (n = 5). 4 
Summary - Temperature 
Day Rep Predators Prey Ratio Mean ± SE 
0 1 571 2228 3.90 Predators 
2 456 2157 4.73 472 36.34 
3 436 2220 5.09 Prey   
4 366 2071 5.67 2205 45.85 
5 533 2350 4.41 Ratio   
- - - - 4.76 0.30 
 5 
Table A3.5 Summary of the initial sachet counts in the alternating conditions trial (n 6 
= 5). 7 
Summary – Alternating conditions 
Day Rep Predators Prey Ratio Mean ± SE 
0 1 485 2462 5.07 Predators 
2 521 2343 4.50 528 14.16 
3 525 2925 5.57 Prey   
4 536 2781 5.19 2585 113.44 
5 573 2412 4.21 Ratio   
- - - - 4.91 0.25 
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A4 Data logger graphs 1 
A4.1 Life table study 2 
 3 
Figure A4.1 Data logger graphs showing the relative humidity and temperature 4 
inside the controlled environment cabinet throughout the Amblyseius swirskii life 5 
table study (Chapter 3). 6 
A4.2 Breeding sachet trials 7 
 8 
Figure A4.2 Data logger graph from the sachet exit-hole location trial (Chapter 6) 9 
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 1 
Figure A4.3 Data logger graph from internal sachet population dynamics trial 2 
(Chapter 6) 3 
 4 
Figure A4.4 Data logger graph from the sachet relative humidity trial (Chapter 7) – 5 
60% RH 6 
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 1 
Figure A4.5 Data logger graph from the sachet relative humidity trial (Chapter 7) – 2 
75% RH  3 
 4 
Figure A4.6 Data logger graph from the sachet relative humidity trial (Chapter 7) – 5 
90% RH. 6 
 7 
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 1 
Figure A4.7 Data logger graph from the sachet temperature trial (Chapter 7) – 20oC 2 
 3 
Figure A4.8 Data logger graph from the sachet temperature trial (Chapter 7) – 25oC  4 
 5 
Figure A4.9 Data logger graph from the sachet temperature trial (Chapter 7) – 30oC 6 
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 1 
Figure A4.10 Data logger graph from the sachet alternating conditions trial (Chapter 2 
7) – Constant conditions 3 
 4 
Figure A4.11 Data logger graph from the sachet alternating conditions trial (Chapter 5 
7) – Alternating conditions 6 
 7 
 8 
 9 
 10 
 11 
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A4.3 B. bassiana compatibility trials 1 
 2 
Figure A4.12 Data logger graph from adult A. swirskii exposed to dry residues of B. 3 
bassiana 4 
 5 
Figure A4.13 Data logger graph from adult A. swirskii receiving topical treatment of 6 
B. bassiana 7 
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 1 
Figure A4.14 Data logger graph from adult A. swirskii receiving topical treatment 2 
followed by exposure to dry residues of B. bassiana 3 
 4 
Figure A4.15 Data logger graph from juvenile A. swirskii exposed to dry residues of 5 
B. bassiana   6 
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Appendix B 1 
Supplementary Photos 2 
 3 
Figure B1 Adult female A. swirskii feeding on S. medanensis larva (left) and adults 4 
(centre and right), mag. x40. 5 
 6 
Figure B2 Moisture dependent fecundity and juvenile survival of A. swirskii (Chapter 7 
6, section 6.2.2) 8 
 9 
Figure B3 Transparent sachet used to observe the walking patterns of A. swirskii in 10 
dispersal mode (Chapter 6, section 6.2.3) 11 
277 
 
 1 
Figure B4 Sachet trials in controlled environment cabinets (Chapter 6 & 7) 2 
 3 
Figure B5 Beauveria bassiana culture on Sabouraud dextrose agar (Chapter 8) 4 
 5 
Figure B6 Germinating Beauveria bassiana spores on agar after 18 h, mag. x1,000 6 
(Chapter 8) 7 
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